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ABSTRACT 

Nutrition plays a key role in many aspects of health, indeed epidemiological studies 

provide evidence that diet can play essential roles in reducing the risk of chronic diseases. 

Accumulating evidence indicates that dietary compounds (phytochemicals) from fruit and 

vegetables can modulate multiple cancer-inflammation pathways which are relevant for 

chemoprevention and are commonly deregulated by epigenetic mechanisms in cancer cells, 

including drug detoxification, cell cycle regulation, apoptosis induction. Epigenetic refers to 

heritable alterations in gene expression that do not involve modification of the underlying 

genetic DNA sequence. Although epigenetic changes are heritable in somatic cells, these 

modifications are also potentially reversible, which makes them attractive and promising 

avenues for tailoring cancer preventive and therapeutic strategies.  

The aim of this study was to investigate the antiproliferative potential of a Cactus pear 

pigment extract (Indicaxanthin) to assess the phenotypic effects on colorectal cancer cell lines 

and to investigate the biological function and/or epigenetic mechanisms for Indicaxanthin’s 

activity. 

The antiproliferative effects of Indicaxanthin (Ind), were investigated on a number of 

human cancer cell lines including hepatocarcinoma cells (HepG2, Ha22T, HUH 7), breast 

cancer cells (MCF7), cervix epithelial carcinoma (HeLa) and colorectal carcinoma cells 

(Caco2, LOVO1, DLD1, HT29, HCT116). Ind caused a clear dose-dependent decrease in the 

proliferation of Caco2, with minor effect on the other cell lines. Flow cytometric analysis 

showed a pro-apoptotic effect of the pigment at 48h in Caco2 cells. Incubation of proliferating 

Caco2 cells with Ind (10µl to 100µl ) remarkably reduced the global DNA 5-methyl cytosine 

methylation and caused a stable demethylation of the tumor suppressor p16INK4a gene 

promoter, with reactivation of the silenced mRNA expression and accumulation of p16INK4a 

protein. A decrease of the hyperphosphorylated retinoblastoma protein in favour of its 

hypophospohrylated status was observed, with unaltered level of the cycline-dependent kinase 

CDK4. Analysis of cell distribution in the cell cycle phases after Ind treatment showed arrest 

of Caco2 cells in the S- G2/M- phase.  

The effect of Ind on LINE-1 methylation levels in the other colorectal cancer cell lines 

was therefore explored as well as the effect of Ind on promoter methylation status of other 

genes implicated in colon carcinogenesis. Ind is able to alter the methylation status on global 

and specific gene level. To rationalize the mechanism of DNA methylation changes induced 



 
 

by Ind, the effect of the phytochemical on the activity and the level of DNA methyltransferase 

(DNMT) was evaluated. Ind induced a dose-dependent inhibition of DNMT activity on Caco2 

cells, while did not affect DNMT1 and DNMT3b level. However a significant increment of 

DNMT3a was evident in Caco2 cell line. Aberrant expression of DNMTs and their isoforms 

has been found in many types of cancer and their contribution to aberrant DNA methylation 

has been proposed. Following this hypothesis, the effect of Ind on the expression of DNMT 

splice variant, was investigated. The expression of DNMT increased appreciably only in some 

cell lines with respect to only some DNMT genes after Ind treatment. DNA demethylation 

may take place as an active mechanism by the activity of specific enzymes.  In order to assess 

whether Ind is able to induce an alteration in DNA demethylase expression, which may 

explain the effects of Ind on DNA methylation in the tested cell lines, the effect of Ind on the 

DNA demethylase expression was investigated. Ind induced an increased expression of some 

enzymes with demethylating activity (TET2, MBD4) relatively only in some cell lines. 

In this work it appears that the phytochemical Indicaxanthin induces different effects 

(both epigenetic and biochemical) on colorectal cancer cell lines tested (reduction of 

proliferation, induction of apoptosis, induction of cell cycle arrest, change in DNA 

methylation, alteration of gene expression). The effects brought by Ind, are often variable 

depending on the cell line used, such phenomenon can be attributed to the cell lines 

themselves.  Furthermore from in silico molecular imaging tests, in this study it was supposed 

that epigenetic effects of Ind are not mediated by a direct alteration of DNMT expression, 

rather by an influence of Ind on their activities. Then, Ind binding the DNMT and altering 

their methyltransferase function could cause an imbalance of global DNA methylation. 

  



 
 

ACKNOWLEDGEMENTS 

I would like to express my sincere thanks to my tutors Dr. Fabio Caradonna, Prof. Luisa 

Tesoriere and Prof. Maria Antonia Livrea for their support and encouragement throughout the 

course of the research. Each of them with their different character has contributed in a 

fundamental way for my professional and personal growth, giving me indelible lessons that 

will accompany me along the way. 

In addition to my supervisors, I would like to thank Dr Nigel Belshaw for hosting me in 

his laboratory in Norwich, UK, his guidance has helped me in the last part of the research and 

writing of this thesis. 

My thanks also go to the reviewers of this thesis Prof Antonio Cilla Tatay and Prof. 

Emanuela Volpi for their availability and their appreciated suggestions. 

I would also like to thank the many mates encountered along the way with whom between 

a questions and an encouragement we grew up and became the minds that we are. 

And Thanks God because you gave me everything: irreplaceable parents, a loving 

husband and the best is yet to come. 

 

  



 
 

TABLE OF CONTENTS 
 

1. INTRODUCTION ....................................................................................................... 1 

1.1. Cancer disease and dietary chemoprevention ....................................................... 2 

1.2. A particular phytochemical: Indicaxanthin .......................................................... 5 

1.3. Biological functions targeted by phytochemical chemoprevention ..................... 8 

1.4. Epigenetics and Cancer ...................................................................................... 11 

1.5. Chromatin states and Epigenomic landscape ..................................................... 13 

1.6. DNA Methylation ............................................................................................... 15 

1.6.1. DNA Methyltransferase (DNMTs) ............................................................. 17 

1.6.2. DNA Demethylation ................................................................................... 22 

1.7. Interplay between chemo-preventive and epigenetic mechanisms and the effects 

of natural compounds ............................................................................................................ 26 

1.8. Altered epigenetic mechanism and phytochemical effects................................. 28 

2. AIM OF STUDY ....................................................................................................... 32 

3. MATERIALS AND METHODS ............................................................................... 33 

3.1. Indicaxanthin extraction and purification ........................................................... 33 

3.2. Cell lines and treatment ...................................................................................... 34 

3.3. MTT Assay ......................................................................................................... 35 

3.4. Annexin-V apoptosis assay in Caco2 cells ......................................................... 36 

3.5. Measurement of mitochondrial trans-membrane potential ................................. 36 

3.6. Measurement of Intracellular Reactive Oxygen Species (ROS) level in Caco2 

cells. 37 

3.7. Methylation-Sensitive Arbitrarily-Primed Polymerase Chain Reaction (MeS-

AP-PCR) 37 

3.8. Methylation-Sensitive Restriction Endonucleases Multiplex-Polymerase Chain 

Reaction (MSRE-PCR). ........................................................................................................ 39 

3.9. Real-Time Polymerase Chain Reaction (RT-PCR) of p16
INK4a

 ......................... 41 

3.10. SDS-Page and western blotting analysis ............................................................ 42 

3.11. Cell cycle analysis .............................................................................................. 43 

3.12. Genomic DNA and RNA isolation ..................................................................... 44 

3.13. Bisulphite conversion and DNA recovery .......................................................... 45 

3.14. Quantitative methylation analysis of LINE-1. .................................................... 46 

3.15. Gene specific methylation analysis by Combined Bisulphite Restriction 

Analysis (COBRA) assay ..................................................................................................... 49 

3.16. Activity study of the DNA Methyl- Transferase ( DNMT)................................ 51 

3.17. Molecular modelling of Ind and DNMT interactions ......................................... 52 

3.18. DNMT and Demethylase Real-Time Polymerase Chain Reaction (RT-PCR)... 54 

3.19. Statistical analysis .............................................................................................. 55 



 
 

4. RESULTS .................................................................................................................. 56 

4.1. Indicaxanthin stability and its anti-proliferative effects in tumor cell lines ....... 56 

4.2. Pro-apoptotic effects of Ind in Caco2 cell line ................................................... 59 

4.3. Epigenetic effects on genomic methylation status by Ind in caco2 cells ........... 63 

4.4. Analysis on methylation status of p16
INK4a

 gene promoter region ..................... 65 

4.5. Influence of Ind on the tumor-suppressor p16
INK4a

 gene expression in Caco2 

cells 68 

4.6. Ind induces a reactivation of p16
INK4a

 protein .................................................... 71 

4.7. Ind influences on cell cycle progression in Caco2 cells ..................................... 72 

4.8. Influence of Ind on global DNA methylation in different colorectal cancer cell 

lines (methylation status of LINE-1) .................................................................................... 74 

4.9. Ind influence on gene methylation in different colorectal cancer cell lines ....... 76 

4.10. Alteration of DNA Methyl-Transferase (DNMT) activity by Ind ...................... 80 

4.11. Molecular Modelling interactions between Ind and DNMT1 ............................ 81 

4.12. Ind influence on DNMT1 protein expression in Caco2 cells ............................. 84 

4.13. DNMT expression in colorectal cancer cell lines ............................................... 87 

4.14. Ind influence in DNMT3B splice variants expression ....................................... 90 

4.15. Ind influence on demethylase expression ........................................................... 93 

5. DISCUSSION ............................................................................................................ 96 

5.1. Anti-proliferative effects of Ind in tumour cell lines .......................................... 97 

5.2. Pro-apoptotic effects of Ind in Caco2 cell line ................................................. 100 

5.3. Epigenetic effects of Ind in Caco2 cells: reversal of hypermethylation and 

reactivation of p16
INK4a

 ....................................................................................................... 101 

5.4. Ind Bioavailability ............................................................................................ 104 

5.5. Influence of Ind on global DNA methylation end specific genes methylation in 

different colorectal cancer cell lines ................................................................................... 105 

5.5.1. Comparison between global methylation and gene specific methylation 

after Ind treatment ........................................................................................................... 107 

5.6. Ind influence on genes methylation in different colorectal cancer cell lines ... 108 

5.6.1. WNT5A Gene ........................................................................................... 109 

5.6.2. GATA4 Gene ............................................................................................ 110 

5.6.3. NOD2 Gene ............................................................................................... 111 

5.6.4. ESR1 Gene ................................................................................................ 113 

5.7. Ind influences on DNMT expression in colorectal cancer cell lines ................ 114 

5.8. Ind influence on demethylase expression in colorectal cancer cell lines ......... 118 

6. CONCLUSION ........................................................................................................ 119 

LIST OF ABBREVIATION ............................................................................................ 122 

REFERENCES ................................................................................................................ 124 

 



 
 

LIST OF FIGURES 

 

Fig. 1- Betalain biosynthetic pathway. Dotted arrows show spontaneous reactions. 

Betalamic acid may condense with cyclo-DOPA to form batacyanin or BA may condense 

with proline to form Indicaxanthin ............................................................................................. 6 

Fig. 2 - The complex regulatory and signaling pathways that regulate cell-cycle 

progression are highly conserved in  eukaryotes. Two cell-cycle checkpoints control the order 

and timing of cell-cycle transitions (G1–S and G2–M) and ensure that critical events such as 

DNA replication and chromosome segregation are completed correctly before allowing the 

cell to progress further through the cycle. .................................................................................. 9 

Fig. 3 - Reactive oxygen/nitrogen species (ROS/RNS) and other stress stimuli can 

interfere with the cell cycle regulation (increasing expression of cell cycle regulatory genes 

such as p53, cyclins, and CDKs), activation of caspase cascades and induction of apoptosis. 

These pathways are also described as possible targets for chemoprevention. ......................... 11 

Fig. 4 - Overview of epigenetic mechanisms including DNA methylation, histone tail 

modifications and non-coding (micro) RNAs, targeting DNA, N-terminal histone tails and 

mRNA ....................................................................................................................................... 12 

Fig. 5 - Schematic representation of DNMT structure, they carry a similar C-terminal 

part, but a different N-terminal domain that determines the interaction with diferent proteins.

 .................................................................................................................................................. 19 

Fig. 6 - Schematic representation of DNMT3B splice variant structure. Some of them 

have alteration in catalytic domain. The ΔDNMT variants lack the first exons in the N-

terminal domain. ....................................................................................................................... 21 

Fig. 7 - Schematic representation of the pathways that drive DNA demethylation. Active 

modification and Passive Dilution involves the oxidation of 5mC to 5hmC and subsequent 

cycles of replication- induced base loss. Alternatively the activity of repair enzymes provides 

the modification of 5hmC regenerating the C in an active restoration (AR). .......................... 24 

Fig. 8 - The individual reactions in the pathway for dynamic modifications of C are 

shown with all reactants depicted. The BER pathway involves excision of the abasic site, 

replacement of the nucleotide using unmodified deoxycytidine triphosphate (dCTP) by a 

DNA polymerase and ligation to repair the nick. ..................................................................... 25 



 
 

Fig. 9 - Overview of DNA methylation changes during carcinogenesis and cancer 

chemopreventive agents inhibiting the activity of  DNMTs, thereby preventing aberrant 

(promoter)  hypermethylation or genome wide hypomethylation. DNA methylation is 

catalyzed by DNA methyltransferases (DNMTs) using S-adenosylmethionine (SAM) as a 

substrate. Empty circles: unmethylated CpG dinucleotide; red circles: methylated CpG site. 27 

Fig. 10 - Simplified overview of histone modifying enzymes with a focus on histone 

deacetylases (HDACs), histone acetyltransferases (HATs), histone methyl transferases 

(HTMs), and histone demethylases (HDM), and their influence on chromatin structure. 

Sirtuins represent a NAD+- dependent subclass of HDACs (class III). ................................... 27 

Fig. 11 - Spectophotometric analysis of indicaxanthin concentration after 24h, 48h, 72h of 

incubation at 37°C in 5% CO2, and 95% humidity. ................................................................. 56 

Fig. 12 – (A) Cell Proliferation of HeLa MCF7, HUH7, HepG2, Ha22T and Caco2 after 

48h treatment with Ind 50uM and 100uM, compared to the control (B) Cell Proliferation of 

differentiated Caco2 cells treated with Ind 50uM and 100uM, for 24, 48, 72h. ...................... 58 

Fig. 13- Cell proliferation of LOVO1, DLD1, HT29, HCT116 after 48h treatment with 

Ind 50uM and 100uM, compared to the control. (*)pValue<0,05; (**)pValue<0,002 ............ 59 

Fig. 14 - Effect of Ind on viability of undifferentiated (closed symbol) or differentiated 

(open symbol) Caco2 cells. Cells were incubated for 48 h with the phytochemical and cell 

viability was measured by MTT test as reported in Methods. Values are the mean ± SD of 

three triplicate experiments. ..................................................................................................... 60 

Fig. 15 - Apoptotic effect of Ind in Caco2 cells. % of Annexin V/PI double stained cells. 

Caco2 cells were incubated for 48 h either in the absence (control) or in the presence of Ind. 

Phosphatidylserine externalization was measured using flow cytometry as reported in 

methods. Representative images of three experiments with similar results. ............................ 61 

Fig. 16 - Apoptotic effect of indicaxanthin on Caco2 cells. Fluorescence intensity of 

DiOC6-treated cells as determined by flow cytometry. Caco2 cells were incubated for 48 h 

either in the absence (control) or in the presence of Ind and mitochondrial dysfunction was 

measured using flow cytometry as reported in methods. Representative images of three 

experiments with similar results. .............................................................................................. 62 

Fig. 17 - Indicaxanthin does not alter ROS levels in Caco2 cells. Caco2 cells were 

incubated either in the absence (control) or in the presence of 100 M Ind at different time 



 
 

intervals. Cellular ROS was assayed using flow cytometry (DCFDA staining) as reported in 

Methods. Representative images of three experiments with similar results............................. 63 

Fig. 18 -  Methylation-sensitive fingerprints (A) and relevant densitometry profiles (B) of 

the matched SDD and DDD pairs from either untreated or Ind-treated Caco2 cells for 48 h. 

PCR was performed using arbitrary primers after a 16-h restriction enzyme digestion with 10 

unit each of AfaI (single digested DNA, SDD) or AfaI+ HpaII (double digested DNA, DDD). 

Caco2 cells treated for 48 h with 10 µM Aza were taken as positive control. Bands that 

appeared to be differentially methylated between matched SDD and DDD global DNA are 

indicated by arrows. Representative images of three experiments with similar results. .......... 65 

Fig. 19 - Effect of Ind on methylation of p16
INK4a

 promoter region in Caco2 cells .(A) 

Matched pairs of multiplex specific PCR products from undigested (-CfoI) or CfoI 

methylation sensitive restriction enzyme digested DNA(+CfoI) from either untreated or Ind 

treated Caco2 cells for 48h. IL-4 gene promoter was used as negative control. (B) Data of the 

densitometric analysis are the mean ±SD. ** significantly different from the untreated cells 

(control) (p<0.002). .................................................................................................................. 66 

Fig. 20 - Effect of Ind on methylation of p16
INK4a

 promoter region in Caco2 cells. (A) 

Matched pairs of multiplex specific PCR products from undigested (-CfoI) or CfoI 

methylation sensitive restriction enzyme digested DNA(+CfoI) from either untreated or 

100µM Ind treated Caco2 cells for 5 days. IL-4 gene promoter was used as negative control. 

(B) Data of the densitometric analysis are the mean ±SD. ** significantly different from the 

untreated cells (control) (p<0.002). .......................................................................................... 68 

Fig. 21 - mRNA expression levels in Caco2 cell line performed by real time-PCR with β-

actin as an internal control Caco2 cells treated for 48 h with 10 µM Aza were taken as 

positive control. Values are the mean ±SD of three experiments carried out in triplicate ** 

significantly different from the untreated cells (control) (p<0.002) ......................................... 69 

Fig. 22 - p16 protein expression by Western blot analysis and densitometric analysis of 

immunoblots. Those are representative of three experiments with similar results. Caco2 cells 

treated for 48 h with 10 M Aza were taken as positive control. (**) p<0.002....................... 70 

Fig. 23 - Ind effect on CDK4 and RB levels in Caco2 cells. Caco2 cells were incubated 

either in absence (control) or in presence of 100 µM Ind for 48 h. CDK4 and RB by 

immunonoblotting with densitometric analysis of the immunoblots. Representative images of 



 
 

three experiments with similar results. Data of the densitometric analysis are the mean ±SD. 

*significantly different from the untreated cells (control) (p<0.05). ........................................ 72 

Fig. 24 - Effect of Ind on cell cycle distribution in Caco2 cells. Flow cytometric analysis 

of propidium iodide-stained cells after treatment with Ind. Caco2 cells were incubated either 

in the absence (control) or in the presence of 100 M Ind for 48 h.  The percentage of cells in 

the different phases of the cycle was calculated by Expo32 software. Representative images of 

three experiments with comparable results. ............................................................................. 73 

Fig. 25 - Histogram shows global DNA methylation assessed on the basis of LINE-1 

amplification. % of DNA methylation is calculated as mentioned in methods. RNA was 

extracted from the different cell lines (Caco2, LOVO1, DLD1, HCT116 and HT29) treated 

with 0µM, 10μM, 50μM, 100µM Ind  for 48h. (*)p Value <0,05 (**) p Value <0,001 .......... 75 

Fig. 26 - DNA methylation values for nine genes and for LINE-1 in each cell line. % of 

DNA methylation is calculated as mentioned in methods. DNA was extracted from the 

different cell lines Caco2 (A), LOVO1(B), DLD1(C), HT29(D) and HCT116 (E) treated with 

0µM, 10μM, 50μM, 100µM Ind  for 48h. (*) p Value <0,05 (**) p Value <0,002 ................. 79 

Fig. 27 - % DNMT activity inhibition, with respect to untreated control, tested by 

EpiQuik ™ DNMT Activity/Inhibition Assay Kit Ultra as reported in method. Values are the 

mean ±SD of three experiments carried out in triplicate. ......................................................... 80 

Fig. 28 - Molecular dynamics simulation. After the relaxation period of the system about 

200 ps, equilibration was reached and the most representative snapshots were extracted at 

regular intervals of the simulation. ........................................................................................... 83 

Fig. 29 - Western Blot Analysis of DNMT1 protein extracted from treated and (50 and 

100µM) untreated proliferating Caco2 cells for 48h (A) analysis of the immunoblots 

performed with ImmageJ software (B). Representative images of three experiments with 

similar results. ........................................................................................................................... 84 

Fig. 30 - DNMT1 gene expression by Real-Time PCR analysis. RNA was extracted from 

treated 100µM  Ind and 10μM Azacytidine  and untreated proliferating Caco2 cells after 48h.

 .................................................................................................................................................. 85 

Fig. 31 - DNMT3A (A) and DNMT3B (B) gene expression by  Real-Time PCR analysis. 

RNA was extracted from Caco2 cells after 48h treatment with 0µM (control), 100µM Ind and 

10µM Azacytidine Y axis express  (*) p Value <0,05 ............................................................. 86 



 
 

Fig. 32 - DNMT1gene expression by Real-Time PCR analysis. RNA was extracted from 

the different cell lines (LOVO1, DLD1, HCT116 and HT29) treated with 0µM, 100µM Ind 

and 10μM Azacytidine for 48h, Y axis express  2
-ΔΔCt

  (*) p Value <0,05 (**) p Value <0,002

 .................................................................................................................................................. 87 

Fig. 33 - DNMT3A gene expression by Real-Time Analysis. RNA was extracted from the 

different cell lines (LOVO1, DLD1, HT29 and HCT116) treated with 0µM, 100µM Ind and 

10μM Azacytidine for 48h, Y axis express  2
-ΔΔCt

 (*) p Value <0,05 ...................................... 88 

Fig. 34 - DNMT3B gene expression by Real-Time Analysis. RNA was extracted from the 

different cell lines (Lovo1 DLD1, HCT116 and HT29) treated with 0µM, 100µM Ind and 

10μM Azacytidine for 48h, Y axis express  2
-ΔΔCt

 (**) p value <0.02 ..................................... 89 

Fig. 35 - DNMT3B splice variants gene expression by Real-Time PCR analysis. RNA 

was extracted from the different cell lines (Caco2, LOVO1, DLD1, HCT116 and HT29) 

treated with 0µM, 100µM Ind and 10μM Azacytidine for 48h, Y axis express  2
-ΔΔCt

 (**) p 

value <0.02 ............................................................................................................................... 91 

Fig. 36 - DNMT3B splice variant gene expression by Real-Time PCR analysis. RNA was 

extracted from the different cell lines (Caco2, LOVO1, DLD1, HCT116 and HT29) treated 

with 0µM, 100µM Ind and 10μM Azacytidine for 48h, converted in Y axis express  2
-ΔΔCt

 (*) 

p Value <0,05 (**) p Value <0,002 .......................................................................................... 92 

Fig. 37 - DNA Demethylase gene expression by Real-Time PCR analysis. RNA was 

extracted from the different cell lines (Caco2, LOVO1 DLD1, HCT116 and HT29) treated 

with 0µM, 100µM Ind and 10μM Azacytidine for 48h, Y axis express  2
-ΔΔCt

 (*) p Value 

<0,05 (**) p Value <0,002 ....................................................................................................... 94 



 

1 

1. INTRODUCTION 

Modernization and its resulting lifestyle trends have ushered in a new era of chronic 

illness; one in which an unprecedented number of people are estimated to contract cancer and 

other inflammatory diseases. Observational studies have suggested that lifestyle factors such 

as tobacco, obesity, alcohol, and a sedentary lifestyle are major contributors to cancer risk. 

Moreover it is well documented that individuals adhering to a vegetables/fruits-depleted diet 

and a relatively sedentary lifestyle are more likely to develop obesity, contract chronic 

conditions such as diabetes, cardiovascular disease, and cancer (GLOBOCAN Colorectal 

Cancer Data 2008). The importance of dietary habits in achieving and maintaining a healthy 

status is widely acknowledged. Indeed epidemiological studies provide evidence that diet can 

play essential roles in reducing the risk of chronic diseases (cardiovascular disorders, type-2 

diabetes, various inflammation-based health problems, and cancer) (Willett 1994; Lipkin et 

al., 1999). 

Plants are recognized to have a wide molecular basis of preventive mechanisms. Many 

contain compounds that act as direct or indirect antioxidants, participate in detoxification and 

elimination of waste, activate regulatory T-cell responses, and modulate cell signalling to 

induce apoptosis in damaged cells while promoting differentiation in others (Sokolosky and 

Wargovich 2012). Studies on a wide spectrum of plant secondary metabolites extractable as 

natural products from fruits, vegetables, teas, spices, and traditional medicinal herbs have 

identified various bioactive plant compounds (phytochemicals) that regulate multiple cancer-

inflammation pathways. In addition they are cost effective, exhibit low toxicity, and are 

readily available. In this context dietary components have appeared of critical importance and 

the eventual roles of dietary phytochemicals in tumour chemoprevention have attracted 

considerable scientific interest in the latest two decades (Kelloff et al., 2000). Indeed the 

global demand for more affordable therapeutics and concerns about side effects of commonly 
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used drugs has renewed interest in phytochemicals and traditional medicines which allow 

chronic use (Harvey 2008; Li & Vederas, 2009; Singh 2007). 

1.1. Cancer disease and dietary chemoprevention   

Cancer cells are distinguished by several distinct characteristics, such as self-sufficiency 

in growth signal, resistance to growth inhibition, limitless replicative potential, evasion of 

apoptosis, sustained angiogenesis, tissue invasion and metastasis (Hanahan and Weinberg, 

2011). In several familial cancer syndromes, genome instability develops due to inherited 

mutations in the ‘‘DNA caretaker’’ genes essential for DNA repair or the DNA damage 

response (Kinzler and Vogelstein 1997). Instead, in sporadic tumorigenesis it has been 

proposed that in early stages activated oncogenes induce replication stress through 

deregulation of cell cycle progression, causing chromosomal instability (Gorgoulis  et al., 

2005). While oncogene activation can induce replication stress, it also activates DNA damage 

response checkpoints and causes cellular senescence, forming a barrier to cancer progression 

(Bartkova et al., 2006). Without inactivating mutations in DNA damage response genes or 

cell cycle checkpoints, transformation does not occur. In any case the deregulation of multiple 

genes and their accumulation lead to the acquisition of these properties driving tumorigenesis. 

Rationally designed drugs that target a single gene product are unlikely to be of use in 

preventing or treating cancer. Moreover, targeted drugs can cause serious and even life-

threatening side effects or therapy resistance (Hanahan and Weinberg, 2011). Often, cancers 

have a long latency period, 20 years or more. By the time they are clinically detectable, the 

system has degenerated into disorganized chaos which point it may be beyond repair (Sporn, 

2011). Therefore, there is an urgent need for safe and effective chemo-preventive 

multifunctional drugs that act on entire networks in the body, rather than single targets 

(Deocaris et al., 2008). 
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Colorectal cancer (CRC) is one of the most common forms of malignancy and the second 

leading cause of cancer-related death in the Western world (Center et al., 2009). Most of the 

knowledge about colon cancer progression is derived from the study of the inherited form, 

familial adenomatous polyposis (FAP), an autosomal dominant CRC syndrome caused by the 

Adenomatous Polyposis Coli (APC) gene mutation which account for about 10 % of cases  

(Galiatsatos and Foulkes 2006). Mutant APC promotes WNT signaling pathway activation, 

resulting in transcription of several genes involved in cell proliferation, differentiation, 

migration and apoptosis (Fearnhead et al., 2001). This highlights the importance of this 

pathway to carcinogenesis, which is exemplified by the fact that it is over-active in > 90% of 

CRC. 

Increasing evidence recently claimed that colorectal tumors consist of a heterogeneous 

population of cells hierarchically organized, with colorectal cancer stem cells (CCSCs) at the 

top of this pyramid model. The concept that this subset of cells may arise from normal stem 

cells, as a result of genetic and /or epigenetic mutation (Barker et al., 2009) is appealing for 

several reasons, (such as the possibility of reprogramming them or inducing differentiation by 

therapy). Healthy stem cells (normally reside at the base of the intestinal crypts) and CCSCs 

share many properties, including the self-renewal and multi-lineage differentiation capacity. 

CCSCs also possess altered DNA repair machinery and high expression levels of anti-

apoptotic genes, which may explain the failure of current anti-cancer treatments (Todaro et 

al., 2007). 

The intra-tumor cellular organization is influenced by several stimuli coming from the 

contiguous microenvironment that also provides protection by sheltering CCSCs from diverse 

genotoxic insults, contributing to their enhanced therapy resistance (Sun and Nelson 2012) 

Under physiological conditions, colon homeostasis is highly regulated, and it is the result 

of a perfect balance between stem cells, differentiated cells and the microenvironment. 
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Sometimes, however, this balance is disrupted laying the foundations for the emergence and 

progression of a tumor. Although the mechanisms that promote and sustain colon 

carcinogenesis are not yet known, progression from adenomas to colon cancer is a multistep 

process, involving mutations in several genes. There is evidence that a complex interaction 

between environmental carcinogens and genetic alterations facilitates the selective growth of 

transformed cells, thus leading to the development of colonic dysplasia and cancer (Fearon et 

al., 1990). 

Colonoscopy screening, which is aimed at identifying and removing pre-cancerous 

lesions (i.e. polyps), represents the gold standard of the preventive strategies for CRC, even 

though it is an invasive procedure that reduces the compliance and participation of CRC high-

risk subjects in the screening programs. 

In light of the characteristics of this heterogeneous type of cancer, and the difficulty of 

finding an effective therapy, a key role in the “cure” of colon cancer is represented by 

prevention. 

It is interesting to note that people exhibiting the lowest rates of colorectal cancer are also 

more likely to follow a pastoral way of life reflecting reliance upon the natural world. The 

reduced risks of cancer and other chronic diseases enjoyed by these individuals are 

attributable in some ways to genetic disposition, but also correlate largely with environmental 

factors arising from their retention of preventive dietary and lifestyle practices (GLOBOCAN 

Colorectal Cancer Data, 2008).Therefore food is now also a conditioning environment that 

may determine stress adaptive responses, influence metabolism, immune homeostasis and the 

physiology of the body (Tennant et al., 2010). In this respect cancer chemoprevention with 

natural phytochemical compounds is an emerging strategy to prevent, impede, delay, or cure 

cancer. Essentially the concept of cancer chemoprevention by dietary phytochemicals is to 

arrest or reverse the progression of premalignant cells towards full malignancy using 
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physiological mechanisms, such as the attenuation cancer-inflammation pathways. Indeed 

according to the chemical behaviour in either solution or biological environment, anti-

carcinogenic effects of phytochemicals such as flavonoids and non-flavonoid phenols have 

long been ascribed to their redox properties, finally resulting in antioxidant and anti-

inflammatory activities (Eastwood 1999). 

Chronic inflammation associated with infections or autoimmune disease may precede 

tumor development and can contribute to it through induction of oncogenic mutations and 

genomic instability. Prolonged exposure to environmental irritants may also result in low-

grade chronic inflammation that promotes tumor progression through the mechanisms 

mentioned above. 

1.2. A particular phytochemical: Indicaxanthin 

The coloration of flowers and fruits is due to the accumulation of pigments such as 

flavonoids (including anthocyanins), carotenoids, and betalains (Tanaka et al., 2008). 

Anthocyanins and carotenoids are widely distributed in angiosperms, whereas betalains are 

water-soluble nitrogenous pigments found only in some plants in the order Caryophyllales 

and in some higher fungi (Stafford et al., 1994), with beetroot (B. vulgaris), swiss chard (B. 

vulgaris var. cicla L.) and cactus pear (Opuntia ficus-indica) fruits as the main dietary 

sources. 

Betalains, which include two classes of compounds: the red-violet betacyanins and the 

yellow betaxanthins, are biosynthesized from the amino acid tyrosine by several enzymatic 

and spontaneous chemical steps (Fig. 1) (Strack et al., 2003). The first step is the conversion 

of tyrosine to dihydroxyphenylalanine (L-DOPA). L-DOPA is converted to betalamic acid 

(BA), which is an important precursor of betalain biosynthesis. BA conjugates with an amino 
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acid or amine to form yellow betaxanthins. BA may also condense with cyclo-DOPA to form 

betacyanins. 

 

 

Fig. 1- Betalain biosynthetic pathway. Dotted arrows show spontaneous reactions. Betalamic acid may 

condense with cyclo-DOPA to form batacyanin or BA may condense with proline to form Indicaxanthin 

The antioxidant and antinflammatory properties of betalains has been demonstrated in a 

wide range of assays (Kanner et al., 2001) and it was reported that enrichment of human low-

density lipoproteins by betalains effectively increased resistance to oxidation (Tesoriere et al., 

2003).  

In addition, betalain-rich extracts from various sources have also been explored for their 

antitumoral potential in both animal models and in cancerous cell lines. The inhibition of skin 
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and liver tumor formation has been demonstrated in mice following oral administration of 

beetroot extract (Kapadia et al., 2003), and a protective effect of red beetroot juice against the 

tumorigenic effect of gamma radiation has also been shown in these animals (Lu  et al., 2009). 

Other authors have reported that cactus pear extracts effectively inhibited cell growth in 

several immortalized and cancer cell cultures, suppressed ovarian tumor growth, and 

modulated the expression of tumor-related genes in nude mice (Zou et al., 2005). 

With regards to purified betalains, betanin, the main betacyanin in the betalain foods, has 

been shown to inhibit the growth of breast, colon, stomach, and lung cancer cells (Reddy  et 

al., 2005), induce apoptosis in human K562 chronic myeloid leukemia cell lines (Sreekanth  

et al., 2007) and has appeared a weak epigenetic regulator in MCF-7 breast cancer cells 

(Paluszczak  et al., 2010). Activity of betaxanthins on transformed cells has not been reported 

so far. 

Cactus (Opuntia ficus-indica) has been used for many years as a common vegetable and 

as a medicine by the Native Americans and Mexicans (Knishinsky 1996). In Chinese 

medicine, cactus fruit is considered a weak poison and used as medicine for the treatment of 

inflammation and pain (Wang 1988). In recent years the properties and bioactivities of 

Indicaxanthin (Ind), a betaxanthin highly concentrated in the edible fruits of cactus (Kanner et 

al., 2001), have been researched. This molecule can behave as a radical scavenger and 

antioxidant (Butera et al., 2002), possesses physico-chemical characteristics allowing its 

interaction with and location in membranes (Turco Liveri et al., 2009) and it may affect 

redox-sensitive signaling pathways inside the cells by preventing alteration of the cell 

oxidative balance and dysregulation of intracellular Ca
2+

 homeostasis in human 

monocyte/macrophage THP-1 cells (Tesoriere et al., 2013). On a nutritional perspective, Ind 

has been shown to be stable under digestive conditions. It infact undergoes only a 20% loss 

during the gastric-like digestion, with no further loss in the postintestinal digest. Ind is not 
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metabolized by the enterocytes and because of its stability and solubility in the postintestinal 

digest it is highly bioavailable in its native form (Tesoriere et al., 2004). In addition it has 

been shown that it has the potential to act at the level of cells and tissues (Tesoriere  et al., 

2006). 

1.3. Biological functions targeted by phytochemical chemoprevention  

Chemoprevention comprises multiple intervention strategies, using either 

pharmacological or dietary agents to prevent, arrest or reverse the carcinogenesis process at 

various stages. Conventional classification of chemo-preventive agents as either blocking or 

suppressing agents based on the underlying mechanisms by which they exert their protective 

effects at a specific stage of multistep carcinogenesis. Blocking agents can hinder initiation 

either by inhibiting carcinogen formation from procarcinogens or by preventing the 

electrophilic and carcinogenic species from interacting with critical cellular target molecules 

such as DNA, RNA, and proteins (Surh 2003). Suppressing agents, in turn, inhibit initiated 

cells either in the promotion or progression stages. 

One relevant aspect of carcinogenesis is recognized to be the involvement of the 

inflammatory response, which may be prevented by hindering oxidative stress conditions 

through antioxidants phytochemicals. Reactive oxygen/nitrogen species (ROS/RNS) are 

formed as a consequence of normal and abnormal metabolic reactions; ROS can damage 

proteins, DNA and RNA, as well as oxidize fatty acids in cell membranes thus increasing the 

risk of mutations. Naturally occurring phenolic acids and analogs (e.g., caffeic and gallic 

acids) are known to display a wide variety of biological functions which are mainly related to 

modulation of carcinogenesis (Gomes et al., 2003). One of the chemoprevention mechanisms 

of phytochemicals such as phenolic compounds is associated with their scavenging properties 
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of deleterious reactive species (e.g., superoxide anion, hydroxyl radical, singlet oxygen, nitric 

oxide, and peroxynitrite) (D’Alessandro et al., 2003). 

One of the hallmarks of cancer cells is their ability to evade growth-suppressing signals. 

Various genes affecting cell cycle progression have been identified as tumor suppressor 

genes, such as p53 and pRB (Hanahan and Weinberg 2011). Progression through the cell 

cycle is regulated through activation and inactivation of cyclin-dependent kinase (Cdks) that 

form sequential complexes with cyclins A-D-E during the different phases (G1, S, G2, and 

M) of the cell cycle. During G1 phase, Cdk2–cyclin E and Cdk4/6–cyclin D1 complexes 

promote entry into S-phase by phosphorylation of pRB, thereby releasing the transcription 

factor E2F (Pan and Ho 2008). The activity of Cdks is controlled by binding of Cdk inhibitors 

(CKIs) to Cdk–cyclin complexes. CKIs p21, p27, and p57 preferentially interact with Cdk2– 

and Cdk4–cyclin complexes, whereas CKIs p15 
INK4B

 and p16
INK4A

 are more specific for 

Cdk4– and Cdk6–cyclin complexes and block their interaction with cyclin D inhibiting entry 

into S phase (Fig. 2) (Pan and Ho 2008).  

 

Fig. 2 - The complex regulatory and signaling pathways that regulate cell-cycle progression are highly 

conserved in  eukaryotes. Two cell-cycle checkpoints control the order and timing of cell-cycle transitions (G1–S 

and G2–M) and ensure that critical events such as DNA replication and chromosome segregation are completed 

correctly before allowing the cell to progress further through the cycle. 
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Cell cycle deregulation and overexpression of growth promotion kinases (i.e. cyclin D1 

and CDKs) are accepted to be associated with carcinogenesis. Recent studies have shown that 

numerous phytochemicals can inhibit various tumour cell lines at different cell phases: G1, S, 

S/G2, and G2 (Gusman et al., 2001). Nevertheless, the effects on cell cycle arrest can be 

either direct or indirect. For instance, epigallocatechin-3-gallate (EGCG) (phytochemical from 

green tea) has been shown to directly inhibit CDKs (Liang  et al., 1999) or indirectly by 

inducing the expression of p21 and p27 genes and inhibiting the expression of cyclin D1 and 

Rb phosphorylation (Semczuk  et al., 2004). 

Therefore, cell cycle arrest can represent a chemopreventive mechanism by subsequent 

induction of apoptosis. Tissue homeostasis is balanced by cell proliferation and cell death. 

Evading apoptosis (programmed cell death) has been recognized as one of the hallmarks of 

cancer cells (Hanahan and Weinberg 2000). Apoptosis can be triggered when cells sense 

abnormalities such as DNA damage, imbalance in signaling by aberrant activation of 

oncogenes, lack of survival factors, or hypoxia (Hanahan and Weinberg 2000). Apoptosis is 

regulated by several proteins, including p53, and the Bcl-2 and caspase families (Fig. 3). 

Activation of these cell death proteins by phytochemicals, may be beneficial if it occurs in 

pre-neoplastic or tumor cells, but it may result in toxicity when taking place in normal cells. 

Nevertheless, some phenolic compounds such as curcumin (pigment from Curcuma longa), 

EGCG, resveratrol (flavonoid from grape skins), seem to induce apoptosis only in 

immortalized malignant cells (Jiang et al., 1996,  Kuo  et al., 2002, Yang  et al., 1998). 

Further molecular mechanisms underlying induction of these pathways resulting from chemo-

preventive action by phytochemicals, are still being researched. 
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Fig. 3 - Reactive oxygen/nitrogen species (ROS/RNS) and other stress stimuli can interfere with the cell 

cycle regulation (increasing expression of cell cycle regulatory genes such as p53, cyclins, and CDKs), 

activation of caspase cascades and induction of apoptosis. These pathways are also described as possible 

targets for chemoprevention. 

1.4. Epigenetics and Cancer 

Genome-wide association studies have identified hundreds of genetic mutations 

associated with complex human diseases like cancer. Despite the success of genome-wide 

association studies in identifying loci associated with cancer, a substantial proportion of the 

causality remains unexplained. Only a minority of cancers are caused by germline mutations, 

whereas the vast majorities (90%) are linked to somatic mutations and environmental factors 

(Anand et al., 2008). It is now well known that cancer initiation and progression are driven by 

the concurrent changes in the expression of multiple genes that occur via both genetic and 

epigenetic alterations (Szyf 2005). 

Epigenetics pertains to heritable alterations in gene expression that do not involve 

modification of the underlying genetic DNA sequence. In particular the term “epigenetics” 

refers to modifications in gene expression caused by heritable changes in DNA methylation 
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and chromatin structure. Major epigenetic mechanisms of gene regulation include DNA 

methylation, modifications of the chromatin structure by histone tail acetylation and 

methylation, and small non-coding RNAs that affect gene expression by targeted degradation 

of mRNAs or inhibition of their translation (Fig. 4) (Choudhuri 2011). Although catalyzed by 

different enzymes and controlled by different protein complexes, all the elements of the 

epigenome influence each other at the level of the chromatin structure (Strahl and Allis, 2000; 

Bergmann and Lane 2003).  

 

 

Fig. 4 - Overview of epigenetic mechanisms including DNA methylation, histone tail modifications and non-

coding (micro) RNAs, targeting DNA, N-terminal histone tails and mRNA 

Epigenetic mechanisms are essential to control normal cellular functions and they play an 

important role during development. Distinct patterns of DNA methylation regulate tissue 

specific gene expression and are involved in X-chromosome inactivation and genomic 

imprinting (Berdasco and Esteller 2010). Interestingly, epigenetic profiles can be modified to 

adapt to changes in the environment (e.g., nutrition, chemical exposure, smoking, radiation) 

(Suter and Tillery 2009) underlining a mechanistic link between environmental risk factors 

and the development of disease. Consequently, alterations in DNA methylation and histone 
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marks may eventually contribute to the development of age-related and lifestyle-related 

diseases (Jones and Baylin 2007). Indeed epigenetic deregulation has been associated with a 

variety of human diseases, including cancer, neurological disorders, and autoimmune diseases 

(Jaenisch et al., 2003). 

Epigenetic alterations have been identified as promising new targets for cancer prevention 

strategies as they occur early during carcinogenesis and represent potentially initiating events 

for cancer development. But the most important feature of epigenetic changes that make them 

an important target for cancer chemoprevention is that they are potentially reversible. This has 

led to various research efforts aimed at identifying dietary phytochemicals (nutri-

epigenomics) as environment factors, which can reverse epimutations and/or prevent cancer 

progression. 

Accumulating evidence shows that natural compounds can alter epigenetic patterns by 

directly interacting with enzymes responsible for adding or removing epigenetic marks or 

indirectly regulating the expression of genes that encode proteins implicated in the epigenetic 

machinery (Stefanska et al., 2012). 

1.5. Chromatin states and Epigenomic landscape   

Chromatin consists of DNA, histones and non-histone proteins, and plays a role in 

compacting DNA, preventing DNA damage, controlling gene expression and DNA 

replication (Kouzarides 2007). In general, DNA is wrapped around nucleosomes, which are 

arranged as regularly spaced beads (146 bp DNA/nucleosome) along the DNA. Typically, 

nucleosomes consist of a histone octamer of histones (H)2A/B, H3 and H4. The DNA 

bridging two adjacent nucleosomes is normally bound by the linker histone H1 and is termed 

linker DNA. The positively charged amino group of amino acid residues on histones core 
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interacts with the negatively charged phosphate groups of DNA, which results in the 

compaction of chromatin and the formation of transcriptionally inactive heterochromatin. 

While the core histones are bound relatively tightly to DNA, chromatin is largely maintained 

by the dynamic association with its architectural proteins. It is well established that post-

translational modifications of the histone tails regulate gene expression by determining 

chromatin structure. These modifications are dynamic and controlled by a variety of enzymes 

(Histone-(de)acetylases (HDAC/HAT), Histone-(de)methylases (HMT/HDMT), ubiquitin 

ligases, small ubiquitin-related modifier (SUMO) ligases) that add and remove specific 

groups and together establish specific chromatin states involved in transcription (Ernst & 

Kellis 2010). Specific sets of histone modifications are associated with genes that are actively 

transcribed or are repressed, a phenomenon defined as the "histone code" (Chi et al., 2010). In 

analogy to allosteric control of enzymes, "histone code" may determine specific gene activity 

by spatial organization of a gene locus, by altering the higher order structure of chromatin or 

by generating a binding platform for effector proteins (Nolis et al., 2009). The dynamic time-

dependent combinations of histone modifications or three dimensional locus configuration, as 

nucleosome positioning, further increase the complexity of information contained in 

chromatin (Van Steensel 2011).  

Although still controversial, non-coding RNAs (ncRNA) have been included as a 

component of the epigenome. The term non-coding RNA is commonly employed for RNA 

that does not encode a protein. ncRNAs, and more specifically micro-RNAs (miRNAs), are 

involved in heritable changes in gene expression. ncRNAs may regulate gene expression by 

controlling translation of mRNA into proteins either by imperfect base-pairing to the mRNA 

3’-untranslated regions to repress protein synthesis, or by affecting mRNA stability (Brait and 

Sidransky 2011). 



 

 
15 

Each miRNA is expected to control several hundred genes, in fact, miRNAs are involved 

in the regulation of key biological processes, including development, differentiation, 

apoptosis, and proliferation, and are known to be altered in a variety of chronic degenerative 

diseases including cancer (Calin and Croce 2006). Furthermore, there is good evidence that 

noncoding RNAs also regulate chromatin architecture (Gupta et al., 2010). More interestingly, 

they are implicated in reciprocal interconnections between all the components of the 

epigenome. Aberrant miRNA regulation especially that associated with cancer can be 

influenced by DNA methylation and histone covalent modifications (Iorio et al., 2010). 

miRNA may also affect the epigenome by targeting enzymes of the epigenetic machinery 

(Zhou et al., 2010). 

1.6. DNA Methylation 

DNA methylation is a covalent modification of DNA that in mammalian cells takes place 

mainly at the fifth position of the cytosine pyrimidine ring located predominantly within CpG 

sequences (Gruenbaum et al., 1981). CG-rich regions, called CpG islands (CGI), are mostly 

unmethylated in normal cells and located in regulatory regions of housekeeping genes, tissue-

specific genes and tumour suppressors (Hermann et al., 2004). CGI are also present in 

promoters of some oncogenes, where their methylated state is involved in the formation of an 

inactive chromatin structure leading to transcriptional silencing (Szyf et al., 2004). Recent 

data indicate that methylation can also occur in cytosines within dinucleotide sequences other 

than CpG, although the role of non-CpG methylation remains to be elucidated (Lister et al., 

2009). 

DNA methylation in normal cells is implicated in oncogene repression, the control of 

expression of genes crucial for cell proliferation, differentiation and normal development as 
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well as in parental imprinting, X chromosome inactivation, and preservation of chromosomal 

integrity by the silencing of transposons and repetitive elements (Szyf et al., 2004). Several 

mechanisms were proposed for DNA methylation-mediated transcriptional silencing. Firstly, 

some transcription factors, such as CREB (cAMP response element binding protein), E2F 

(elongation 2 factor), NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells) 

and AP-2 (activator protein-2), are unable to recognize specific sequences when they are 

methylated or methylation occurs in their proximity (Paluszczak and Baer-Dubowska, 2005). 

Secondly, the binding of transcription factors to regulatory elements within promoters and 

enhancers can be hindered by methyl- CpG-binding domain proteins (MBDs) that bind with 

high affinity to methylated DNA and cover recognition elements (Reik and Dean, 2001). The 

third mechanism is associated with the MBD-mediated recruitment of HDACs and HDMT 

that set up a compacted inactive chromatin state around the gene (Das and Singal, 2004). 

The highly controlled pattern of DNA methylation is disrupted during ageing, 

development of chronic diseases and carcinogenesis. 

Numerous data show that a hallmark of cancer is global DNA hypomethylation and 

hypermethylation of specific regions, mainly within promoters of tumour suppressor genes. 

The increase in promoter DNA methylation was reported as a common mechanism of tumour 

suppressor gene silencing observed in many types of cancer (Baylin et al., 2001; Szyf et al., 

2004) and reversal of the aberrant DNA hypermethylation reactivated gene transcription 

(Stefanska et al., 2010). DNA hypermethylation at gene promoter regions is responsible for 

silencing more than 600 cancer-related genes and this number is still rising (Mulero et al., 

2008). Besides effects on tumour suppressor genes, DNA methylation changes have also been 

detected in oncogenes as well as genes involved in the cell-cycle regulation, DNA repair, 

angiogenesis, metastasis and apoptosis (Herceg 2007). This show how changes in DNA-

methylation contribute to the 6 hallmarks of a cancer cell i.e. limitless replicative potential, 
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self-sufficiency in growth signals, insensitivity to growth-inhibitory signals, evasion of 

programmed cell death, sustained angiogenesis and tissue invasion and metastasis. 

1.6.1. DNA Methyltransferase (DNMTs) 

DNA methylation in mammals is an enzymatic process which is primarily mediated by 

the three known active DNA cytosine methyltransferase (DNMT1, 3A, 3B), which catalyze 

the transfer of a methyl group from the ubiquitous methyl donor, S-adenosyl-L-methionine 

(SAM), to the fifth position of a cytosine pyrimidine ring (Gruenbaum et al., 1981). 

1.6.1.1. DNMT1 

DNMT1 is the best known and studied member of the DNMT family. It is primarily a 

maintenance methyltransferase and plays an important role in cell division and development. 

During cell division, methylation patterns in the parental strand of DNA are maintained in the 

daughter strand by the action of DNMT1 which catalyses the transfer of a methyl group to the 

cytosine residues, restoring the symmetrically methylated CpG dinucleotide pair. 

The human DNMT1 gene is located at human chromosome 19p13.2 and encodes a 183 

kDa protein. DNMT1 comprises a large N-terminal domain with regulatory functions and a 

smaller 500 amino acid C-terminal catalytic domain (Yen et al., 1992). The N-terminal 

regulatory domain harbors different motifs including different start codons, a nuclear 

localization signal (NLS), a PCNA (proliferating cell nuclear antigen) interacting domain 

(Chuang et al., 1997), a replication foci targeting region (RFTS) involved in targeting the 

enzyme to replication foci during S phase (Leonhardt  et al., 1992), and a CXXC domain (a 

cysteine-rich Zn2_-binding motif) implicated in binding DNA sequences containing CpG 

dinucleotides (Bestor et al., 1992). These specific domains allow DNMT1 to directly interact 
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with various transcriptional regulators such as DNA methyltransferase 1 associated protein 1 

(DMAP1) and histone deacetylases (HDACs), thereby influencing gene regulation through 

epigenetic signaling (Rountree et al., 2000). The C-terminal domain of DNMT1 contains all 

the conserved motifs characteristic of cytosine-C5-methyltransferases and shares a set of 10 

conserved amino acid motifs (Cheng 1995) (Fig. 5). The catalytic process involves a 

conserved mechanism that has been best studied in the bacterial cytosine-C5 

methyltransferase (MTase). Briefly, this mechanism involves MTase binding to the DNA, 

eversion of the target nucleotide so that it projects out of the double helix (“base flipping”) 

into the catalytic pocket of the enzyme, covalent attack of a conserved cysteine nucleophile on 

cytosine C6, transfer of the methyl group from S-adenosylmethionine to the activated 

cytosine C5, and the various release steps. Moreover, base flipping plays an important role in 

the enzymatic reaction by providing high accessibility of the target base to the enzyme, 

thereby allowing for intricate chemical reactions to occur and for accurate recognition of the 

flipped base (Zhang et al., 2006).  

DNMT1 is ubiquitously expressed in proliferating cells, localizes to replication foci, and 

interacts with the proliferating cell nuclear antigen (PCNA) (Leonhardt et al., 1992). 

Homozygous knockout of DNMT1 is lethal to the embryo in mammals, suggesting a 

crucial role for DNMT1 in embryonic development. However, studies on DNMT1-

overexpression in embryonic stem cells also resulted in lethality to the embryo suggesting 

accurate expression of DNMT1 is a key factor in maintaining embryonic development 

(Biniszkiewicz et al., 2002).  

As expected for a maintenance methyltransferase, DNMT1 has a 30- to 40-fold 

preference for hemimethylated sites (Jeltsch 2006). Further investigations proved that 

DNMT1 activity is required for de novo methylation at non-CpG cytosines (Grandjean et al., 
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2007). However, increased DNMT1 expression occurs in the process of malignant genesis 

leading to the silencing of expression of tumor suppressor genes (Robert et al., 2003). 

 

 

 

Fig. 5 - Schematic representation of DNMT structure, they carry a similar C-terminal part, but a different 

N-terminal domain that determines the interaction with diferent proteins. 

1.6.1.2. DNMT3 Family 

The DNMT3 family includes two major members, DNMT3A and DNMT3B, which play 

an important role in mediating de novo methylation processes. Targeted disruption of both 

DNMT3A and DNMT3B in mouse embryonic stem cells blocked de novo methylation, but 

had no effect on maintenance of an imprinted methylation pattern (Okano et al., 1999). The 

DNMT3 enzymes have an equal preference for hemi and unmethylated DNA substrates in 

vitro (Aoki et al., 2001). The distinct biochemical properties and biological functions 

exhibited by the de novo and maintenance methyltransferases are partly due to the structural 

differences of these enzymes.  Both the DNMT1 and DNMT3 families of methyltransferases 

contain the highly conserved C-5 methyltransferase motifs at their C-terminal domain, but 

they show a variable region at their N-terminal regions (Chen et al., 2004). 

The DNMT3A and DNMT3B proteins are very similar in structural organization. Their 

N-terminal regulatory domains contain a variable region (280 amino acids in DNMT3A and 
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220 amino acids in DNMT3B) followed by two conserved regions, a PWWP domain and a 

cysteine-rich domain that shares homology with a region in ATRX (Okano et al., 1998). The 

ATRX homology domains of DNMT3A and DNMT3B have been shown to interact with 

HDACs and repress transcription in reporter assays (Fuks et al., 2001). The PWWP domain is 

a moderately conserved region of 100 to 150 amino acids. There is evidence that the PWWP 

domains of DNMT3A and DNMT3B are involved in functional specialization of these 

enzymes (Chen et al., 2004). 

Both DNMT3A and DNMT3B exhibit specialized roles. These phenomena may be due to 

the different distribution of these two enzymes, whereby DNMT3A is ubiquitously expressed 

but DNMT3B localizes its activity to the pericentromeric repeats carrying high CG content. In 

fact DNMT3B appears to be critical for the methylation of a particular compartment of the 

genome, for instance, DNMT3B mutations are linked with a syndrome called ICF 

(immunodeficiency, centromeric instability, facial abnormalities), a rare recessive autosomal 

disorder characterized by hypomethylation at pericentromeric satellite regions (Okano et al., 

1999). DNMT3A cannot replace DNMT3B in this function, possibly because of its 

distribution mechanism, which is less efficient in methylating highly CG rich DNA (Shirohzu 

et al., 2002). 

Over-expression of DNMT3B has been shown in various human tumors, while the 

expression level of DNMT3A is only modestly increased in certain types of tumors (Robertson 

et al., 1999), indicating that DNMT3B plays a more important role in tumorigenesis than 

DNMT3A. 

DNMT3B contains 24 exons spanning 47kb of genomic DNA, but unlike DNMT1 and 

DNMT3A, DNMT3B is the only DNMT that is expressed as alternatively spliced variants or 

by alternative promoter usage (Chen et al., 2002). Several of the DNMT3B variants are 

missing key regions of their C-terminal catalytic domain, rendering them catalitycally inactive 
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(DNMT3B3; DNMT3B4; DNMT3B5). Two alternative 5’ exons are used (DNMT3B1; 

DNMT3B2), but the same full-length DNMT3B protein is expected from both transcripts 

(Okano et al., 1999). ΔDNMT3B, consists of at least seven transcriptional variants by 

alternative pre-mRNA splicing lacking 200 amino acids at the regulatory N-terminal domain 

of DNMT3B. The predicted proteins from ΔDNMT3B5, ΔDNMT3B6, and ΔDNMT3B7 

contain no enzymatic domain of the methyltransferase due to premature translational 

termination. (Wang et al., 2006) (Fig. 6) 

   

 

Fig. 6 - Schematic representation of DNMT3B splice variant structure. Some of them have alteration in 

catalytic domain. The ΔDNMT variants lack the first exons in the N-terminal domain. 

Splicing patterns and spatio-temporal patterns of isoform expression appear to be 

conserved between humans and mice, suggesting that these isoforms carry biological 

significance (Okano et al., 1998). Despite this conservation, their functions in normal and 

disease states remain largely unclear. Increased expression of DNMT3B has been frequently 

observed in human cancer cell lines and primary tumors (Okano et al., 1998). Some of the 
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variants may compete with each other, perhaps resulting in DNA hypomethylation (Saito et 

al., 2002). This possibility suggests a complex biological role of the DNMT3B variants. 

Though the expression of inactive DNMT3B variants is associated with changes in DNA 

methylation, little is known about the mechanisms that underlie these changes at the 

molecular level. 

1.6.2. DNA Demethylation  

DNA methylation has a profound impact on genome stability, transcription and 

development. Although enzymes that catalyse DNA methylation have been well 

characterized, those that are involved in methyl group removal have remained elusive until 

recently.  

DNA methylation is relatively stable compared with most histone modifications. DNA 

methylation has been considered as a non-reversible reaction for decades. It was assumed that 

demethylation can only occur in a passive way by blocking the activity of DNMTs in dividing 

cells. Nevertheless, loss of DNA methylation, or DNA demethylation, has been observed in 

different biological contexts and this alteration can take place actively or passively (Ooi and 

Bestor 2008)  

Active DNA demethylation refers to an enzymatic process that removes or modifies the 

methyl group from 5-methylcytosine (5mC). By contrast, passive DNA demethylation refers 

to loss of 5mC during successive rounds of replication in the absence of functional DNA 

methylation maintenance machinery. Although passive DNA demethylation is generally 

understood and accepted, the evidence for active DNA demethylation and how it occurs has 

been controversial (Wu and Zhang 2010).  
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One if the most studied biological contexts in which active DNA demethylation takes 

place is mammalian embryogenesis (Surani et al., 2010). In fact establishing and editing 

genomic methylation patterns seems to be particularly relevant during development and 

cellular differentiation. After fertilization the paternal genome, but not the maternal, goes 

rapidly  through a complex remodeling of DNA methylation patterns suggesting an active 

5mC editing process (Jenkins et al., 2012; Mayer et al., 2000) 

Besides global loss of DNA methylation in zygotes, DNA demethylation has also been 

observed at specific loci in rapid response to environmental stimuli or in post-mitotic cells, 

supporting the relevance of active demethylation in various biological settings in the absence 

of cellular replication (Kangaspeska et al., 2008). 

The discovery of a family enzymes (TET) that can modify 5mC through oxidation sheds 

light on DNA demethylation mechanisms, introducing 5-hydroxymethylcytosine (5hmC) as a 

key intermediate in active demethylation pathways (Tahiliani  et al., 2009). Even more 

strikingly recent reports providing insights into 5hmC genomic distribution suggest it is 

potentially highly relevant in gene regulation (Ndlovu et al., 2011) 

The TET enzyme family not only catalyze oxidation of 5mC to 5hmC, it is demonstrated 

that they are capable of iterative oxidation, yielding 5-formylcytosine (5fC) and 5-

carboxylcytosine (5caC) (Ito et al., 2011). Notably, 5hmC, 5fC and 5caC are chemically 

distinct modifications of C that could be specifically recognized by different DNA-binding 

proteins to regenerate unmodified C, although 5hmC is significantly more prevalent than 5fC 

and 5caC ( Song  et al., 2012). Thus 5hmC has taken on a new central role in epigenetics. The 

base sits at an important branch point, with at least three potential outcomes. 5hmC could 

have an independent epigenetic role related to the base’s interaction with chromatin-

associated proteins, either through direct recruitment by 5hmC or through disruption of 5mC-

specific interactions. However other potential pathways for demethylation following 5mC 
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oxidation to 5hmC have been proposed and they could have a role in remodeling DNA 

methylation patterns (Kohli and Zhang et al., 2013). 

Kohli and Zhang revisited the definitions of active and passive demethylation describing 

the latter as the replication-dependent dilution of 5mC only. Instead active modification (AM) 

of 5mC to generate 5hmC involving TET is best viewed as active demethylation. This base 

(5hmC) can be further processed through either passive dilution (PD) to regenerate 

unmodified C through DNA replication, or active restoration (AR) through further enzymatic 

modification (Kohli and Zhang 2013) (Fig. 7). 

 

 

Fig. 7 - Schematic representation of the pathways that drive DNA demethylation. Active modification and 

Passive Dilution involves the oxidation of 5mC to 5hmC and subsequent cycles of replication- induced base loss. 

Alternatively the activity of repair enzymes provides the modification of 5hmC regenerating the C in an active 

restoration (AR). 

A pathway for active restoration of C could involve DNA repair enzymes, which remove 

an entire modified base with its subsequent repair to replace the residue with unmodified C. 

The involvement of base excision repair (BER) pathway in demethylation identified a 

particular thymine DNA glycosylase (TDG) that has a role as a DNA repair enzyme that can 
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remove a normal base, T, from a genomic T·G mismatch (Cortázar et al., 2007). Therefore 

deamination of 5mC or 5hmC by DNA cytosine deaminases (AID) lead to T·G mismatches 

that are substrates of TDG for which repair could regenerate unmodified C (Cortellino  et al., 

2011). These deamination-mediated pathways for demethylation could also involve the DNA 

damage response protein GADD45 or even MBD4 as a glycosylase for excision of T·G 

mismatches (Barreto et al., 2007; Niehrs and Schafer 2012) (Fig. 8). 

 

 

Fig. 8 - The individual reactions in the pathway for dynamic modifications of C are shown with all 

reactants depicted. The BER pathway involves excision of the abasic site, replacement of the nucleotide using 

unmodified deoxycytidine triphosphate (dCTP) by a DNA polymerase and ligation to repair the nick. 

Interestingly a recent study showed that DNMT enzymes, in addition to converting C to 

5mC on DNA, can also demethylate 5mC on DNA under specific conditions in vitro; in 

particular in the presence of Ca
2+

 ion and in the absence of reducing reagents. In other words, 

the covalent addition of the methyl group to the 5-position of cytosine on DNA, as catalyzed 

by DNMTs, is reversible (Chen et al., 2013). Furthermore Mizuno et al showed the increase, 

instead of reduction, of the levels of DNMT1, DNMT3A, and DNMT3B in cancer cells that 

could not be easily correlated with the typical global hypomethylation of cancer genomes 

(Mizuno et al., 2001; Feinberg  et al., 2004). The finding of the Ca
2+

 dependent oxidation 
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state-facilitated DNA demethylase activities of the three enzymes, in contrast to their DNA 

methyltransferase activities, provides a plausible basis for the above correlation. 

Oxidative modifications of 5mC and related repair mechanisms have expanded the 

possibilities by which the genome can retain great flexibility while maintaining the integrity 

of its coding information. 

1.7. Interplay between chemo-preventive and epigenetic mechanisms and 

the effects of natural compounds  

Since epigenetic changes are reversible, developing drugs that control epigenetic 

regulation now attracts substantial research investment, including the development of 

functional foods or supplements as nutrition based epigenetic modulators for cancer 

chemoprevention (Arasaradnam et al., 2008; Parasramka et al., 2012) 

Over the last few years, evidence has accumulated that natural products and dietary 

constituents with chemo-preventive potential have an impact on DNA methylation (Fig. 9), 

histone modifications (Fig. 10), and miRNA expression. (Stefanska et al., 2012; Druesne-

Pecollo and Latino-Martel 2011; Li et al., 2010). 
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Fig. 9 - Overview of DNA methylation changes during carcinogenesis and cancer chemopreventive agents 

inhibiting the activity of  DNMTs, thereby preventing aberrant (promoter)  hypermethylation or genome wide 

hypomethylation. DNA methylation is catalyzed by DNA methyltransferases (DNMTs) using S-

adenosylmethionine (SAM) as a substrate. Empty circles: unmethylated CpG dinucleotide; red circles: 

methylated CpG site. 

 

 

 

Fig. 10 - Simplified overview of histone modifying enzymes with a focus on histone deacetylases (HDACs), 

histone acetyltransferases (HATs), histone methyl transferases (HTMs), and histone demethylases (HDM), and 

their influence on chromatin structure. Sirtuins represent a NAD+- dependent subclass of HDACs (class III). 

As indicated in Fig. 9, folate and B-vitamins have a potential impact on DNA 

hypomethylation. They affect the “one-carbon metabolism” which provides methyl groups for 

methylation reactions. Folate is an important factor for the maintenance of DNA biosynthesis 

and DNA repair, and folate deficiency leads to global DNA hypomethylation, genomic 
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instability, and chromosomal damage. As an essential micronutrient, folate needs to be taken 

up from dietary sources, such as citrus fruits, dark green vegetables, whole grains, and dried 

beans. Epidemiological studies have indicated that low folate levels are associated with an 

increased risk for colorectal, breast, ovary, pancreas, brain, lung, and cervix cancer 

(Lamprecht and Lipkin 2003; Duthie 2011). Consequently, the relationship between folate 

status, DNA methylation, and cancer risk has been analysed in numerous rodent 

carcinogenesis models and in human intervention studies. Overall, the results are inconclusive 

and depend on various parameters, for example dose and timing of the intervention, the 

severity of folate deficiency, and health status (Kim 2005). Excessive intake of synthetic folic 

acid (from high-dose supplements or fortified foods) may even increase human cancer risk by 

accelerating growth of precancerous lesions (Duthie 2011). Therefore folate supplementation 

cannot be generally recommended, and deficiencies should be prevented by dietary intake. 

In this respect medical benefits of dietary compounds as epigenetic modulators, especially 

with regard to their chronic use as nutraceutical agents in cancer chemoprevention (individual 

targeted diet or diet supplements) deserve to be further investigated to better understand their 

epigenetic role during embryogenesis, early life, aging, as well as during carcinogenesis. 

1.8. Altered epigenetic mechanism and phytochemical effects 

In the last decade, the anti-cancer activity of multiple bioactive food components with a 

diverse range of molecular targets has been proven by intensive research. Accumulating 

evidence indicates that dietary compounds can alter pathways which are relevant for 

chemoprevention and are commonly deregulated by epigenetic mechanisms in cancer cells, 

including drug detoxification, cell cycle regulation, apoptosis induction, DNA repair, tumor-

associated inflammation, cell signaling that promotes cell growth, and cell differentiation. 
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There is now a lot of evidence for phytochemicals that may induce cell cycle arrest by 

epigenetic alterations that lead to downstream re-expression and reactivation of key cell cycle 

regulators.  

Remarkably, DNA methylation is involved in the regulation of CKI expression, as 

exemplified by p16
INK4A

 and p21
CIP1/WAF1

. Moreover in epidermoid carcinoma cells, EGCG 

decreased global methylation and inhibited DNMT activity as well as expression of DNMT1, 

DNMT3A, and DNMT3B, which led to the re-expression of p16 mRNA and protein 

(Nandakumar et al., 2011). 

The tumor suppressor PTEN (phosphatase and tensin homolog deleted on chromosome 

10) negatively regulates the phosphatidylinositol 3-kinase (PI3K)-AKT pathway that 

transmits anti-apoptotic survival signals and regulates cell proliferation, growth and motility 

(Vivanco Sawyers 2002). Downstream signaling is indirectly mediated via transcription 

factors such as NF-kB (Hollander et al., 2011). Epigenetic inactivations of PTEN by promoter 

methylation or miRNA silencing are common in multiple tumor types. Silencing through 

epigenetic mechanisms frequently occurs in breast, prostate, thyroid, and lung cancer, glioma, 

and melanoma. 

Studies report that vitamin D3 treatment is able to reduce methylation and to enhance 

concomitantly expression of PTEN. This was associated with down-regulation of DNMT1 

and upregulation of p21 after incubation with vitamin D3 and resveratrol (Stefanska et al., 

2012). 

Furthermore, cancer, like multiple other conditions such as diabetes, allergy, rheumatoid 

arthritis and cardiovascular disease, has been linked to chronic inflammation and metabolic 

stress. Studies have shown that epigenetics constitute the crossroads of cancer, inflammation 

and metabolic stress (Mantovani et al., 2008). Signalling pathways responsive to chronic 
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inflammation activate downstream mediators such as transcription factors (NF-kB) that drive 

changes in the expression of target genes. However, binding of the transcription factors to 

DNA depends on the chromatin structure, which is regulated by the epigenetic machinery. 

Thus, inflammatory gene expression is dependent on epigenetic mechanisms. Dietary 

phytochemicals that modulate epigenetic components, such as EGCG and gallic acid, can 

thereby suppress the expression of inflammatory genes and induce phenotypic alteration in 

inflammation-related disorders (Choi  et al., 2009). 

Normal cells do not proliferate without mitogenic stimulatory signals. Consequently, 

“self-sufficiency in growth signals” was defined as one of the hallmarks of cancer cells 

(Hanahan, Weinberg 2000). WNT signalling is one of the most important pathways that 

regulate proliferation as well as embryonic development, differentiation and cell migration. 

Endogenous WNT antagonists that inhibit WNT signaling through direct binding to WNT are 

frequently disrupted by DNA methylation in various cancers. These include secreted frizzled-

related proteins (sFRPs) and WNT inhibitory factor 1 (WIF-1), as well as WNT5A (Klaus 

Birchmeier 2008). Several recent studies indicate that the chemopreventive agents EGCG, 

genistein, and black raspberries reactivate silenced WNT inhibitory genes by promoter 

demethylation, leading to a reduction of proliferation and apoptosis in lung and colorectal 

cancer cells (Wang et al., 2011; Gao et al., 2009; Wang et al., 2010). 

Thus numerous data have shown that alterations in epigenetic modifications produce 

various effects on the phenotype. Natural compounds that directly affect DNA methylation 

can induce changes in other components of the epigenome due to a trilateral relationship that 

exists between DNA methylation, histone covalent modifications and non-coding RNAs. This 

increases the epigenetic modulatory potential of dietary compounds, which attracts more 

scientific interest, given their advantages in costs, their availability and their non-toxicity that 

allows a long period of use.  
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Therefore, natural chemicals can be efficacious in both cancer prevention and cancer 

therapy and are becoming potential targets of drug development. The main challenges in the 

investigation of phytochemicals as epigenetic agents are new strategies for increasing their 

bioavailability, as most of them show poor bioavailability in vivo. Study on a genome-wide 

level may help to better understand the importance of epigenetic mechanisms in gene 

regulation in cancer chemoprevention as well as determining the role of natural compounds 

alone or in combination with existing drugs in improving cancer treatment. 
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2. AIM OF STUDY 

 

The aim of this study was to investigate the antiproliferative potential of a Cactus pear 

pigment extract (Indicaxanthin) and outline its features. In particular, to assess the phenotypic 

effects on tumour cell lines and to investigate the biological function and/or epigenetic 

mechanisms for Indicaxanthin’s activity in order to determine the potential chemo-preventive 

or therapeutic properties of this phytochemical towards cancer. 
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3. MATERIALS AND METHODS 

The study was carried out at the Department STEBIFEC University of Palermo (Italy), 

both in the cytogenetics and cell biology laboratory (Tutor: Dr Fabio Caradonna) and in the 

Biochemistry laboratory (Prof. Maria Antonia Livrea). Part of this research was also carried 

out at the Institute of Food Research (Norwich, UK) in Dr Nigel Belshaw Lab. 

3.1. Indicaxanthin extraction and purification 

Indicaxanthin (Ind) was isolated from cactus pear (Opuntia ficus-indica) fruits (yellow 

cultivar). The phytochemical was separated from a methanol extract of the pulp by liquid 

chromatography on Sephadex G-25 (Butera et al., 2002). Fractions containing the pigment 

were submitted to cryo-dessiccation (Freezone 4.5, Labconco, Kansas City, Mo, USA) and 

purified according to Stintzing et al (Stintzing et al., 2002). Briefly, the dessiccated material 

was re-suspended in 1% acetic acid in water and submitted to semi-preparative HPLC using a 

Varian Pursuit C18 column (250 x 10 mm i.d.; 5mm; Varian, Palo Alto, CA), eluted with a 20 

min linear gradient elution from solvent (1%acetic acid in water) to 20% solvent B(1% acetic 

acid in acetonitrile) with a flow-rate of 3ml/min. The eluent was monitored 

spectrophotometrically at 482 nm. The eluted fractions containing indicaxanthin were 

collected. Samples after cryo-dessiccation were re-suspended in 5 mM phosphate buffered 

saline (PBS), pH 7.4, at a suitable concentration and used immediately or stored at -80°C. The 

concentration of the samples was evaluated spectrophotometrically in a DU-640 Beckman 

spectrophotometer by using a molar coefficient at 482 nm of 42,800 (Piattelli et al., 1964). 

Indicaxanthin was filtered through a Millex HV 0.2 m filter (Millipore, Billerica, MA) 

immediately before the use. 
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3.2. Cell lines and treatment 

All tumour cell lines used for the experiments, obtained from the American Type Culture 

Collection (Rockville, MD), were cultured in Dulbecco’s modified Eagle medium (DMEM; 

Gibco Life Technologies, Grand Island, NY) supplemented with 10% fetal bovine serum 

(Gibco Life Technologies), 2 mmol/L L-glutamine, 1% non-essential amino acids, 10 mM 

HEPES, 50 units/mL penicillin, 50 µg/mL streptomycin, and 100 µg/mL gentamicin and were 

maintained at 37 °C in 5% CO2, and 95% humidity. The medium was changed 2-3 times per 

week.  

Cell lines analysed were: Human Liver cell line (Chang Liver); Human malignant liver 

cell lines (HepG2, Ha22T, HUH7); Breast Cancer cells (MCF7); Cervix Cancer cells (HeLa); 

Human epithelial colorectal adenocarcinoma cells (Caco2).  

Caco2 cells are of particular interest for two reasons. Firstly, they are a model of the 

intestinal ephitelium which may be exposed to high concentrations of Ind from the diet. 

Furthermore Caco2 cells are a model system for the study of cell differentiation of human 

enterocytes of intestinal origin. Caco2 cells, in fact, are able to differentiate spontaneously 

into polarized cells with morphological and biochemical characteristics of normal intestinal 

enterocytes. The differentiation process begins when the cells reach confluence, which means 

when the first cell-cell contacts are established, and it is considered complete after about 3 

weeks in standard culture condition (Pinto et al., 1983). Therefore, these cells are of particular 

interest not only for the study of various biological processes such as differentiation, 

proliferation, but also because they are a tool for the study of how the intestinal cells transport 

nutrient and metabolize substances of pharmacological interest. 

In addition to these cell lines in the last part of this work spent abroad at the Lab of Dr. 

Nigel Belshaw (Institute of Food Research, Norwich, UK), were also studied other tumour 

http://en.wikipedia.org/wiki/Human
http://en.wikipedia.org/wiki/Epithelium
http://en.wikipedia.org/wiki/Colon_(anatomy)
http://en.wikipedia.org/wiki/Adenocarcinoma
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cell lines derived from colorectal cancer (HCT116, LOVO1, DLD1, HT29). This is to assess 

whether Ind had a widespread effect on cell derived from the same tissue of origin. 

3.3. MTT Assay 

Cell sensitivity to Ind was evaluated by MTT assay. This colorimetric assay allows the 

assessment of cell proliferation that is directly proportional to the metabolic activity of the 

cell. MTT is a water-soluble tetrazolium salt that is metabolized by living cells and converted 

into formazan by the action of a dehydrogenase enzyme. The formazan is violet and is 

typically viewed as insoluble material at the bottom of the culture plate. Formazan is 

solubilized in DMSO to form a purple solution, the intensity of which is proportional to cell 

density.  

In a typical experiment exponentially growing tumour cells were seeded into 96-wells 

culture plates (Corning Costar Inc, Corning, NY) at a density of 2.0 x 10
4
 cells/cm

2 
and 

incubated for 24 h prior to treatment, with Ind for 24 h or 48 h. In some experiments Caco2 

cells were grown 3 weeks after confluence, to allow differentiation, and then treated with 

either 50 M or 100 M Ind. Following treatment, the medium was removed and the cells 

were washed with PBS. Serum-free medium containing 5 mg/mL MTT was added and the 

cells were incubated for 2 h at 37°C. Then, the medium was discarded, and the formazan blue 

formed was dissolved in DMSO (200µl). The absorbance at 560 nm of MTT-formazan was 

measured in a microplate reader (GloMaxÂ®-Multi Microplate Reader (Promega 

Corporation, Madison, WI, USA) and the values were expressed as percentage of control 

(untreated cells). 
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3.4. Annexin-V apoptosis assay in Caco2 cells 

The externalization of phosphatidylserine to the cell surface was detected by flow 

cytometry by double staining with Annexin V/propidium iodide (PI), using the Annexin V 

apoptosis detection kit FITC, according to the manufacturer’s instructions (Cat. No. 88-8005, 

eBiosciences Inc., San Diego, CA, USA). Cells were seeded in triplicate at a density of 2.0 x 

10
4
 cells/cm

2
.
 
After an overnight incubation, cells were washed with fresh medium and 

incubated with 25 M to 100 M Ind in DMEM. After 48 h, cells were harvested by 

trypsinization and adjusted to 1.0 x 10
5
 cells/0.1 mL with combining buffer (50 mM TRIS, pH 

7.4, 100 mM NaCl, 1% BSA). After addition of 5 L Annexin V provided by the kit and 5 µL 

of PI (20 μg/ml), cells were incubated at room temperature, in the dark, for 15 min. After 

incubation the volume was adjusted to 0.5 mL PBS and samples of at least 1.0x10
4
 cells were 

subjected to fluorescence-activated cell sorting (FACS) analysis by Epics XL™ flow 

cytometer using Expo32 software (Beckman Coulter, Fullerton, CA), using an appropriate bi-

dimensional gating method. 

3.5. Measurement of mitochondrial trans-membrane potential  

Mitochondrial trans-membrane potential (m) was assayed by flow cytofluorometry, 

using the cationic lipophilic dye 3,3’-dihexyloxacarbocyanine iodide (DiOC6(3), Molecular 

Probes Inc., Eugene, OR, USA) which accumulates in the mitochondrial matrix. Changes in 

mitochondrial membrane potential are indicated by a reduction in the DiOC6-induced 

fluorescence intensity. After treatment, 5x10
5
 cells were incubated in 0.5 mL PBS containing 

40 nmol/L DiOC6(3) for 15 min at 37 °C. After centrifugation, cells were washed with PBS 

and resuspended in 500 L PBS. The fluorescent intensities were analysed in at least 1.0 x 10
4
 

cells for each sample.  
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3.6. Measurement of Intracellular Reactive Oxygen Species (ROS) level 

in Caco2 cells.  

ROS level was determined by measuring fluorescence changes which resulted from 

intracellular oxidation of dichlorodihydrofluorescein diacetate (DCFDA). DCFDA, at 10 M 

final concentration, was added into the cell medium 30 min before the end of treatment. After 

trypsinization the cells were collected by a 5 min centrifugation at 2000 rpm at 4 °C, washed, 

resuspended in PBS and immediately subjected to FACS analysis. At least 1.0 x 10
4
 cells 

were analysed for each sample. 

3.7. Methylation-Sensitive Arbitrarily-Primed Polymerase Chain 

Reaction (MeS-AP-PCR) 

After treatment of Caco2 cells with Ind or 5aza-2’deoxycytidine (Aza), DNA extraction 

was performed using a PureLink Genomic DNA Kit (Invitrogen, Life Technologies, Paisley, 

UK) according to the manufacturer’s instructions. The concentration and purity of the samples 

were assessed using a NanoDrop-1000 spectrophotometer (NanoDrop Technologies, 

Wilmington, DE, USA). The methylated CpG islands were detected by MeSAP-PCR, carried 

out according to Liang et al (Liang et al., 2002) with some modifications (Caradonna et al.,  

2007). Briefly, DNA from Caco2 cells (8µg) was digested in a total volume of 10 µl for at 

least 16 h, at 37°C, with 10 U of AfaI restriction endonuclease (single digested DNA, SDD). 

Then, one half of SDD digested was further treated with HpaII, a methylation-sensitive 

restriction endonuclease unable to cut DNA if methylated cytosine is present in its recognition 

site (CC*GG) at 37°C for 16 h (double digested DNA, DDD). SDD and DDD were heat 

inactivated for 20 min at 65°C and separately amplified by Arbitrarily-Primed PCR using two 

subsequent amplification cycles, AP1-M and AP2-M, in a T1 Plus Thermocycler (Biometria, 
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Gottingen, Germany). In the AP1-M (low stringency cycle), a permissive annealing 

temperature, a high salt and primers concentration were set to allow arbitrary primer 

annealing to the best matches in the template with the highest preference for all the genomic 

CpG sites since they are provided with a 3' tail complementary to these sites. The 

reproducibility of the reactions was ensured as all experiments were conducted using the same 

rates of buffers reaction. 

PCR was performed in a total volume of 25 µl under the following conditions: 

Genomic DNA 250 ng 

21-mer arbitrary primer 

 (5’- AAC TGA AGC AGT GGC 

CTC GCG-3’) 

10 µM 

dNTPs 200 µM 

Taq DNA polymerase (Roche 

Diagnostics, Milano, Italy) in 10 

mM Tris-HCl, pH 8.3, containing 

1.5 mM MgCl2 and 50 mM KCl 

 

0.8 U 

 

Cycle profile was: 

 A Cycle 94°C 5 min 

4 Cycles at low  

stringency conditions 

94°C 30 sec 

40°C 60 sec 

72°C 90 sec 
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AP2-M (high stringency cycle), runs immediately after AP1-M. Reaction mixture 

consisting of 75µl of:  

Tris-HCl, pH 8.3 10mM 

MgCl2 1.5 mM 

KCl 50 mM 

dNTPs 200 µM 

Taq DNA polymerase 2.5U 

 

was added to 25 µl of AP1-M mix, immediately before AP2-M cycle.  

Cycle profile was:  

A Cycle 94°C 60 sec 

29 Cycles at high 

stringency  

conditions 

60°C 60 sec 

72°C 2 min 

72°C 90 sec 

 

Amplified DNA was resolved by non-denaturating 6% acrylamide-bisacrylamide (29:1 

ratio) gel electrophoresis. DNA fingerprinting was obtained by Sybr safe staining, and 

submitted to densitometric scanning and analysed by SigmaGel image analysis software 

(Jandel Scientific, San Rafael, CA, USA). 

3.8. Methylation-Sensitive Restriction Endonucleases Multiplex-

Polymerase Chain Reaction (MSRE-PCR).  

In order to analyse the methylation status of the CpG island of p16
INK4a 

gene promoter 

region, MSRE-PCR was performed (Longo et al., 2013). In detail, genomic DNA (0.25 g) 

from Caco2 cells was digested with excess of CfoI a Methylation-Sensitive Restriction 
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Endonuclease (MSRE) (5U/µg DNA), for at least 16 h at 37°C, according to the 

manufacturer’s instructions (Invitrogen) Then, samples of either genomic or MSRE-digested 

DNA were amplified by Multiplex-PCR (M-PCR) in the presence of primers flanking the 

CpG island of p16
INK4a 

gene promoter. M-PCR of MSRE-digested DNA will give a product 

only when MSRE has not cut the DNA, leaving the template intact and suitable for 

amplification. 

Reaction mixture of M-PCR reaction contained: 

Genomic DNA 250 ng 

dNTP 0.2 mM 

p16
INK4a

 sense 

 (5’-ACTCCCTCCCCATTTTCCTATCT-3’) 
0.2µM 

p16
INK4a

 antisense 

 (5’-CCGCGATACAACCTTCCTAACT-3’) 
0.2µM 

MgCl2 1.2 mM 

Taq polymerase in 1X buffer provided by 

manufacturer (Invitrogen) 
2.5 U 

 

Amplification was carried out in a total volume of 100 µl using a T1 Plus Thermocycler. 

Cycle profile was: 

A cycle 94°C 5 min 

30 Cycles of 

94°C 2 min 

55°C 2 min 

72°C 2 min 

final extension 72°C for 10 min 
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Co-amplification of IL-4 internal region (998 bp product) was concurrently carried out as 

a control.  

IL4-2A sense 5’-CCCCAAGTGACTGACAATCTGG-3’ 

IL4-2B antisense 5’-GTGAGAGTATTTGGTTTTTCAGAAAT-3’ 

 

These primers result in a PCR product using either genomic or MSRE-digested DNA as 

template, since the sequence to be amplified has no recognition site for the methylation-

sensitive endonuclease used.  

The M-PCR products were resolved by non-denaturing 6% acrylamide-bisacrylamide 

(29:1, ratio) gel electrophoresis, stained with Sybr Safe by Imaging System. (ChemiDoc XRS, 

Bio-Rad, Milano, Italy). 

3.9. Real-Time Polymerase Chain Reaction (RT-PCR) of p16
INK4a

 

Total RNA was extracted from Caco2 cells using Trizol according to the manufacturer's 

protocols (Invitrogen); the RNA was eluted in diethyl pyrocarbonate (DEPC) treated water 

(0.01% DEPC) and stored at -80°C until RT-PCR analysis. Nucleic acid concentrations were 

measured by spectrophotometry (NanoDrop 1000 Spectrophotometer). First-strand cDNA 

was synthesized from total RNA (250 ng) using a SuperScript III First-Strand Synthesis 

System (Invitrogen) according to the manufacturer’s instructions. mRNA expression levels 

were determined using first strand cDNA as the template by quantitative real-time PCR 

(qPCR), with Platinum SYBR Green qPCR SuperMix-UDG with Rox (Invitrogen) in a 7300 

Real Time PCR system (Applied Biosystem, Philadelphia, PA, USA).  
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The sequences of the p16
INK4a

 primers used were:  

p16 Forward 5’-GTGGACCTGGCTGAGGAG-3’ 

p16 Reverse 5’-CTTTCAA TCGGGGATGTCTG-3’ 

 

β-Actin was used as an internal control with the following primers: 

 Actin Forward 5′-GCCCACATAGGAATCCTTCTGAC-3′ 

Actin Reverse 5′-AGGCACCAGGGCGTGAT-3′ 

 

PCR data obtained by the instrument software were automatically analysed by the 

Relative Quantification Study Software (Applied Biosystem) and expressed as 

target/reference ratio.  

3.10. SDS-Page and western blotting analysis  

After treatment, Caco2 cells were rinsed twice with ice-cold PBS and harvested by 

scraping with ice-cold hypotonic lysis buffer (10 mM Hepes, 1.5 mM MgCl2, 10 mM KCl, 

0.5 mM PMSF, 1.5 µg ml soya bean trypsin inhibitor, 7 µg/ml pepstatin A, 5 µg/ml leupeptin, 

0.1 mM benzamidine and 0.5 mM DTT) and incubated for 15 min on ice. The lysates were 

centrifuged at 13,000 g for 5 min and supernatants (cytosolic fraction) were aliquoted and 

stored at -80 °C for up to two weeks. Protein concentration was determined using the 

Bradford protein assay reagent (Bio-RAD, Milan, Italy) and 30 μg protein was separated on 

8-12% SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membrane at 

400 mA for 1h. The nitrocellulose membrane was incubated overnight at 4 °C with blocking 

solution (5% skimmed milk), followed by incubation with anti-p16
INK4a

 monoclonal antibody 

(clone F-12, Cat No sc-1661, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-CDK4 

monoclonal antibody (clone C-22, Cat No sc-260 Santa Cruz Biotechnology), anti-
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retinoblastoma protein (RB, clone G3-245, Cat No 554136, BD Biosciences, San Jose, CA, 

USA) or IgG-anti DNMT1 (AbCam)   for 1 h at room temperature. Blots were washed two 

times with Tween 20/Tris-buffered saline (TTBS) and incubated with a 1:2000 dilution of 

horseradish peroxidase (HRP)-conjugated anti-IgG antibody for 1 h at room temperature. 

Blots were again washed five times with TTBS and then developed by enhanced 

chemiluminescence (Amersham Life Science, Arlington Heights, IL, USA). Immunoreactions 

were also performed using anti-β-tubulin (clone H-235, Cat no sc-9104, Santa Cruz 

Biotechnologies) antibody as a loading control. Immunoblots were submitted to densitometric 

scanning and analysed by Sigma Gel Image Analysis software. 

3.11. Cell cycle analysis  

Cell cycle stage was analysed by flow cytometry using a Propidium iodide (PI) stain. 

Propidium iodide is an intercalating agent and a fluorescent molecule  that is widely used as a 

DNA stain for both flow cytometry, to evaluate cell viability or DNA content in cell cycle 

analysis. PI is used to quantitatively assess DNA content, it binds to DNA by intercalating 

between the nitrogenous bases with a stoichiometry of one dye per 4–5 base pairs of DNA, 

this allows to distinguish the different phases of the cell cycle on the basis of a cell’s DNA 

content during the various stages of the cell cycle. 

Once the dye is bound to nucleic acid, its fluorescence is enhanced 20- to 30-fold, the 

fluorescence excitation maximum is shifted ~30–40 nm to the red and the fluorescence 

emission maximum is shifted ~15 nm to the blue. When PI is bound to nucleic acid, the 

fluorescence excitation maximum is 535 nm and the emission maximum is 617 nm. 

For cell cycle synchronization, cells were cultured in serum-free medium for 24 h. After 

addition of Ind, cells were re-stimulated with 10% FBS and incubated for the indicated times. 

http://en.wikipedia.org/wiki/Intercalating_agent
http://en.wikipedia.org/wiki/Fluorescence#Biochemistry_and_medicine
http://en.wikipedia.org/wiki/Molecule
http://en.wikipedia.org/wiki/Flow_cytometry
http://en.wikipedia.org/wiki/Viability_assay
http://en.wikipedia.org/wiki/Cell_cycle_analysis
http://en.wikipedia.org/wiki/Cell_cycle_analysis


 

 
44 

Cells were harvested by trypsinization and washed with PBS. Aliquots of 5.0 x 10
5
 cells were 

incubated in the dark in 0.5 mL PBS containing 20 μg/ml PI, 0,1% Triton X and 200 μg/ml 

RNase for 30 minutes at room temperature. Samples were, then immediately subjected to 

FACS analysis. At least 1.0 x 10
4
 cells were analysed for each sample. 

3.12. Genomic DNA and RNA isolation  

Genomic DNA from all cell lines analysed (DLD1, HCT116, HT29, Lovo1, Caco2) was 

extracted following a phenol-choloroform protocol. The media was removed from cultured 

cells and DNA extraction buffer (500µl) (0.2 M TrisHCl ph 8.8, 0.25 M NaCl, 25mM EDTA, 

0.5% (w/v) SDS) added. After adding Proteinase K (10 mg/ml), solutions were incubated at 

50 °C for 1h. A solution of phenol/chloroform/isoamyl alcohol (500µl) (Sigma), was added 

mixed and centrifuged at 1300g for 5 mins. The upper aqueous layer was collected and added 

to chloroform (500µl), mixed and centrifuged. The upper aqueous layer was transferred to a 

new eppendorf and 400 µl isopropanol added mixed and centrifuged for 30 min. The pellet 

was washed with ice-cold 70% ethanol, and left to air dry. DNA was resuspended in TE 

buffer. 

RNA was extracted from all cell lines using the RNeasy mini Kit (Qiagen) following the 

manufacturer’s instructions. 

The NanoDrop spectrophotometer (Labtech International,UK) was used to quantify 

DNA/RNA concentration and purity by absorbance measurement at 260 and 280 nm. 
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3.13. Bisulphite conversion and DNA recovery 

All cell lines analysed (DLD1, HCT116, HT29, LOVO1, Caco2) were seeded in p6-well 

plates to perform three different biological replicates. Genomic DNA was extracted from all 

cell lines after 48h treatment with 10µM, 50 µM and 100 µM indicaxanthin as well as from 

no treated cell lines as controls.  

Genomic DNA, up to 2µg , in a 17µl volume was added to NaOH to a final concentration 

of 0.3 M in a 20 µl volume, and the sample was incubated at 37°C for 15 min. 

Sodium bisulphite solutions were prepared on the day of use by adding 1.9 g sodium 

metabisulphite (Sigma) to 3ml of 0.46 M NaOH and heating at 50°C to dissolve the 

bisulphite. After addition of hydroquinone (0.7 ml of a 0.75 M solution), 0.4 ml of this 

solution was mixed with each DNA sample and incubated at 50° C for 4.5 h. 

Following bisulphite conversion, the DNA was recovered and purified using the Qiaquick 

gel extraction kit (Qiagen) according to the manufacturer’s specifications. To desulphonate 

the sample, 3µl of 10M NaOH was added and incubated for 15 min at 37°C, followed by 

neutralization with 70µl of 10 M Ammonium Acetate. The bisulphite-converted DNA was 

precipitated with 525 µl Ethanol at -20°C overnight. The bisulphite-converted DNA was 

pelleted by centrifugation at full speed at 4°C for 30 min, washed with 70% ethanol and air 

dried. DNA was resuspended in Qiaquick elution buffer and stored at -20°C. 
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3.14. Quantitative methylation analysis of LINE-1. 

There are half a million long interspersed nucleotide elements (LINE-1 elements) in the 

human genome (Kazazian 2002) that are normally heavily methylated, and it is estimated that 

more than one-third of DNA methylation occurs in repetitive elements (Bestor 1998). Thus, 

analysing the methylation of repetitive elements can serve as an alternative marker for global 

genomic DNA methylation. There are several methods of detecting total 5-methylcytosine 

content in the genome, but most of them have the disadvantage of being labor intensive and/or 

requiring large amounts of good quality DNA. 

Global methylation assay by LINE-1 was performed as described by Iacopetta et al 

(Iacopetta et al., 2007). It involves two Real-Time PCRs. One, the unmethylated reaction (U), 

uses primers to TpG containing sites to quantify the number of unmethylated LINE-1 

elements, whilst the other, the methylated reaction (M) uses primers containing CpG sites to 

quantify the number of methylated alleles. 

Primers used were: 

Unmethylated LINE-1 forward primer TGTGTGTGAGTTGAAGTAGGGT 

Unmethylated LINE-1 reverse primer ACCCAATTTTCCAAATACAACCATCA 

Methylated LINE-1 forward primer CGCGAGTCGAAGTAGGGC 

Methylated LINE-1 reverse primer ACCCGATTTTCCAAATACGACCG 

 

 

Methylated and unmethylated LINE-1 sequences were quantitatively evaluated using 

bisulphite treated DNA as template. 
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Real-time PCR was conducted using the ABI-PRISM 7700 Sequence Detection System 

(Applied Biosystems, Foster, CA, USA) in the following amplification conditions:  

 

Immomix (Bioline’s 

hotstart Taq master mix) 
2.5ul 

BSA (10mg/ml) 0.5ul 

MgCl2 0.05µl 

Sybr Green 1:100 

diluition 
0.125µl 

Rox 0.1µl 

Forward Primer (U/M) 2pmol 

Reverse Primer (U/M) 2pmol 

Ultrapure water To 3.5µl 

 

 

A plasmid containing both unmethylated and methylated LINE-1 amplicon was created 

prior to measurements for use as a constant reference. DNA from this plasmid was used as a 

standard for the measurement of both unmethylated and methylated LINE-1, and serial 

dilutions were used to obtain accurate and reproducible results.  

Bis-Mod DNA from DLD1, HCT116, HT29, LOVO1 and Caco2, (each DNA performed 

in three different biological replicates) treated with 10µl, 50µM and 100µM Ind, as well as 

control no treated cells, was added (1.5µl) to every well plate in triplicate. 
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Real-time reactions for unmethylated and methylated LINE-1 sequences and the standard, 

were performed simultaneously in triplicate in one 384 well plate. 

PCR conditions were:  

 

 

1 Cycle 95°C 30 sec 

40 Cycles 

95°C 30 sec 

60°C 30 sec 

72°C 30 sec 

 

 

 

The percentage of methylated LINE-1 was calculated using the equation:  
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3.15. Gene specific methylation analysis by Combined Bisulphite 

Restriction Analysis (COBRA) assay 

The COBRA assay has been used as a quantitative technique for methylation analysis 

(Xiong and Laird 1997). The assay measures the methylation status of 1 CpG within the CpG 

Island of interest; in fact the methylation status of any CpG within a CpG island tends to be 

proportional to the methylation status of all the CpG’s within that island (Xiong and Laird 

1997).  After bisulphite modification and PCR amplification, the PCR product is digested 

with a restriction enzyme (whose recognition sequence is affected by bisulphite modification) 

and quantitated using gel electrophoresis and densitometry.  

PCR was always carried out in 10 µl reaction mixture:  

 

Hotstar Taq polymerase 

mix 
2.5µl 

Forward Primer 1pmol 

Reverse Primer 1pmol 

MgCl2 (50mM) 0.05µl 

 

 

PCR conditions were:  

1 Cycle 95°C 15 min 

35 Cycles 

95°C 30 sec 

T =optimum annealing 

temperature for the 2 

primers 

30 sec 

72°C 1 min 
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p16 Forward GGTTTTTTTTAGAGGATTTGAGGGATA 

p16 Reverse CTACAAACCCTCTACCCACCTAA 

DNMT3B Forward GGGTGGAAGGAAGGGAGGAA 

DNMT3B Reverse CCTAACCCCCTACCCTCCCAA 

ESR1 Forward GGGATGGTTTTATTGTATTAGATTTAAGGG 

ESR1 Reverse CTATTAAATAAAAAAAAACCCCCCAAAC 

NOD2 Forward TGATGTAGTTGTTGGGAGGATA 

NOD2 Reverse TGATGTAGTTGTTGGGAGGGGATA 

GATA4 Forward GAGTTTGGATTTTGTTTGTT 

GATA4 Reverse GTGATGTTTTAGGGGTTT 

WNT Forward GTGGGGGAGGGTGTTTTAGG 

WNT Reverse CAATCTAACTTTAACAACCCTAAAAAC 

WNT5A Forward ATTAGGTTTTGTTTTTGTTGT 

WNT5A Reverse CACTAAACACCTACCTTCATAA 

SFRP1 Forward GTTTTTTAAGGGGTGTTGAGT 

SFRP1 Reverse CAAACTTCCAAAAACCTCC 

HPP1 Forward TGTGTGTGAGTTGAAGTAGGGT 

HPP1 Reverse ACCCAATTTTCCAAATACAACCATCA 

 

After amplification, the PCR products were precipitated by adding 3M sodium acetate 

pH5.5 (1/10 th volume) and 2.5 vols cold absolute ethanol. 

For enzymatic digestion, in a final volume of 10 μl containing specific enzymes for each 

recognition site analysed, in appropriate buffer was added to each DNA and incubated at 

specific temperature for 2h. The digested DNA was separated on 5% PAGE gels and stained 

with SYBR green solution. Bands were analysed using Totallab software. 
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Different restriction enzymes used are summarized in the following table 

 

p16 Sau3AI 37°C 

DNMT3B BstUI 60° C 

ESR1 DpnI 37°C 

NOD2 TaqI 65°C 

GATA4 RsaI 37°C 

WNT TaqI 65°C 

WNT5A DpnI 37°C 

SFRP1 EcoRI  37°C 

HPP1 TaqI 65°C 

 

% Methylation was calculated using the formula: 

  

     
                  

                                        
 

3.16. Activity study of the DNA Methyl- Transferase ( DNMT) 

DNMT activity was analysed by EpiQuik ™ DNMT Activity / Inhibition Assay Kit Ultra. 

This is a colorimetric assay that allows the study of DNMT activity / inhibition in nuclear 

extracts. A universal DNA substrate permanently conjugated to the bottom of a 96 well plate 

should be methylated by nuclear extract samples. The methylated substrate is, then, 

recognized by an antibody anti -5- methylcytosine. The amount of the methylated DNA, 

which is proportional to the enzyme activity, is subsequently measured by a 

spectrophotometer plate reader at 450nm. The DNMT enzymes activity will be proportional 

to the intensity of measured optical density. Inhibition inducted by Ind was calculated 

following the formula: 
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In this regard, the nuclear proteins of control CaCo2 (10µg) cells were extracted through 

Cell Extraction Buffer (Invitrogen) and subsequently, the inhibitor (Ind) was added at 

different concentrations directly to the appropriate wells containing the nuclear protein 

extracts, according to the manufacturer’s specifications. 

3.17. Molecular modelling of Ind and DNMT interactions 

The crystallographic structure of human DNMT1 in complex with DNA double helix and 

adenosyine-homocysteine bound was extracted from Protein Data Bank (3PTA). The missing 

residues (1480-1483) were modelled using Prime (Prime v2.1 2009). The model was further 

refined using the Protein Preparation Wizard implemented in Maestro (Maestro 9.0 2009). H-

bond networks were optimized and orientation/tautomeric states of Gln, Asn, and His residues 

were flipped. At the end, a geometry optimization was performed to a maximum RMSD of 

0.3 Å with OPLS2005 force field. 

The refined model was used to perform a mixed Molecular Docking/Dynamics protocol, 

called Induced Fit Docking (IFD) (Sherman et al., 2006), with Indicaxanthin. In an interative 

manner, this approach combines ligand-docking techniques with those used to model receptor 

conformational changes. The Glide docking software package (Glide v.5.5 2009) was used for 

ligand flexibility, while the refinement module in the Prime program was used to account for 

receptor flexibility: the degrees of freedom of side chains were mainly sampled, while minor 

backbone movements were allowed through minimization. The strategy used was to first dock 

ligands into a rigid receptor using a softened energy function such that steric clashes do not 

prevent at least one pose from assuming a conformation close to the correct one (the “ligand 

sampling step”). The degrees of freedom of the receptor were then sampled, and global 
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ligand/receptor energy minimization was performed for many ligand poses; this attempted to 

identify low free-energy conformations of the whole complex (the “protein sampling step”). 

After that, a second ligand docking step was performed on the refined protein structures, 

using a hard potential function to sample the ligand’s conformational space within the refined 

protein environment (the “ligand resampling step”). Finally, a composite score function was 

applied to rank the complexes; this accounted for the receptor/ligand interaction energy as 

well as strain and solvation energies (the “scoring step”). The composite score, which was 

used to perform the final ranking of the compounds, was derived as follows: 

IFScore = Glide Score + 0.05 Prime Energy 

 

The validity of the whole process was previously tested (Almerico et al., 2012; Almerico 

et al., 2009). The best scored ligand/protein complex was submitted to a nanosecond-scale 

(2ns) molecular dynamics (MD) simulation using Desmond [16]. The system was solvated 

with a cubic box of water molecules (SPC water model), and was first relaxed using the 

Desmond relaxation model. The completed equilibration run was followed by a production 

run performed with NPT conditions using the Berendsen thermostat (Berendsen 1984) (300K 

and 1.103 bar). 
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3.18. DNMT and Demethylase Real-Time Polymerase Chain Reaction 

(RT-PCR) 

RNA from different cell lines (Caco2, LOVO1, DLD1, HCT116, HT29) treated with 0 or 

100µM Ind or with 10μM 5-Azacytidine was extracted using Qiagen RNeasy mini - kit 

according to the manufacturer’s instructions. A reverse transcription was performed from 500 

ng RNA to obtain cDNA using qSCRIPT cDNA SuperMix (Quanta Biosciences), through a 

single cycle: 

1 Cycle 

25 ° C 5 min 

42 ° C 30 min 

85 °C 5 min 

 

The cDNA was used as template for the subsequent quantitative PCR (Real-Time PCR) 

using Platinum SYBR Green qPCR SuperMix - UDG with Rox (Invitrogen, Life 

Technologies, Paisley, UK). The ribosomal subunit 18s gene expression, whose expression is 

constant, was used as reference gene. The latter was analyzed using a TaqMan probe 

hybridized to gene target sequence. The probe contains two dyes: FAM (6-carboxy-

fluorescein) covalently linked to the 5' end and TAMRA (6-carboxy-tetramethyl-rhodamine) 

as a fluorescent quencher covalently linked to the 3 ' end. During the amplification, however, 

the probe is destroyed by hydrolysis of 5'- exonuclease 3 ' activity associated with the 

polymerase. During amplification polymerase induces a detachment of the reporter that, no 

longer sustained quencher inhibition, and emits fluorescence. Thus fluorescence intensity 

emitted during PCR cycles is directly proportional to the amount of amplified cDNA. 
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3.19. Statistical analysis 

Calculations and graphs were obtained by INSTAT-3 statistical software (GraphPad 

software Inc, San Diego, CA, USA). Results are given as mean±SD. Three independent 

observations were carried out for each experiment replicated three times. Comparison 

between individual group means was performed by unpaired Student’s t-test. Multiple 

comparisons were made using a one-way analysis of variance (ANOVA) followed by 

Bonferroni’s test. In all cases, significance was accepted if the null hypothesis was rejected at 

P<0.05 level.  

In addition Pearson correlation was used to investigate relationships of CGI methylation 

within different genes and to identify differences between gene methylation and expression. 
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4. RESULTS 

4.1. Indicaxanthin stability and its anti-proliferative effects in tumor cell 

lines 

Previous studies by other investigators have demonstrated that purified betalains, betanin 

in particular (red pigment of cactus pear), inhibit the growth of breast, colon, stomach and 

lung cancer (Reddy et al., 2005) cells. However the activity of betaxanthins on transformed 

cells has not been reported. 

Here the antiproliferative activity of Ind on different cell lines was investigated, in order 

to evaluate any cell-type specificity. 

A preliminary experiment to assess the stability of Ind in cell culture conditions showed 

that Ind was unstable at incubation conditions; with a 40% decrease in Ind concentration after 

48h (Fig. 11) 

 

 

Fig. 11 - Spectophotometric analysis of indicaxanthin concentration after 24h, 48h, 72h of incubation at 

37°C in 5% CO2, and 95% humidity. 
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The effect of Ind on cell proliferation was investigated by treating cells during the 

exponential growth phase, as determined by a Trypan blue assay.  

The anti-proliferative activity of Ind at 50 M and 100 M was assayed in a number of 

human cancer cell lines (Fig. 12). A 48 h treatment provided evidence that whereas 

proliferation of HeLa, HUH-7 and MCF-7 cells was not affected by the phytochemical, the 

growth of HepG2, Ha22T and Caco2 cells was inhibited by 30%, 35% and 48%, respectively, 

with Ind at 100 µM. Subsequent investigation, including mechanism of cytotoxicity and 

epigenetic activity of Ind, was then carried out on Caco2 cells, because of their intestinal 

origin, where Ind may reach a high concentration at physiological conditions. 
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Fig. 12 – (A) Cell Proliferation of HeLa MCF7, HUH7, HepG2, Ha22T and Caco2 after 48h treatment with 

Ind 50uM and 100uM, compared to the control (B) Cell Proliferation of differentiated Caco2 cells treated with 

Ind 50uM and 100uM, for 24, 48, 72h. 

The response of differentiated Caco2 cells to Ind (50µM, 100µM) treatment was also 

investigated, in order to evaluate potential differences compared with undifferentiated Caco2 

sensitivity. As Fig. 12 B shows Ind doesn’t affect differentiated Caco2 proliferation at any 

time or concentration used. 

Since there was a highly significant impact of Ind on the colorectal cell line Caco2 and 

the intestine may be exposed to high concentrations of Ind from diet, the effect of Ind on the 

proliferation of other colorectal cancer cell lines (DLD1, HCT116, HT29 and LOVO1) was 

investigated. 
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Fig. 13- Cell proliferation of LOVO1, DLD1, HT29, HCT116 after 48h treatment with Ind 50uM and 

100uM, compared to the control. (*)pValue<0,05; (**)pValue<0,002 

Fig. 13 shows cell proliferation after 48h treatment with Ind at 50 and 100 µM compared 

to control untrated cells. Whereas HT29 proliferation was not affected by Ind treatment, the 

other cell lines were weakly but significantly influenced by Ind. 

4.2. Pro-apoptotic effects of Ind in Caco2 cell line 

Treatment of proliferating Caco2 cells with Ind for 48 h resulted in a dose-dependent cell 

growth inhibition. The calculated IC50, i.e. the Ind concentration that caused a 50% decrease 

of cell proliferation, was 115+15 µM (n=9) (Fig. 14). No differences in trypan blue uptake 

were observed when either untreated cells or Caco2 cells treated with Ind were compared, 

ruling out events leading to cell rupture. More importantly, no variation of cell viability was 

observed when Caco2 cells grown 20 days post-confluence, were treated with 25 µM to 250 

µM Ind, indicating absence of toxicity even for differentiated cells (Fig. 14).  

 

 

0,0

0,2

0,4

0,6

0,8

1,0

Lovo1 DLD1 HT29 HCT116

C
e

ll 
P

ro
lif

e
ra

ti
o

n
 

(%
 o

f 
co

n
tr

o
l)

 

Ind 50uM

Ind 100uM

* 
** 

* 
** 



 

 
60 

 

R² = 0,9292

0

50

100

0 125 250

C
e
ll

 v
ia

b
il

it
y

 (
%

)

Ind (M)

 

Fig. 14 - Effect of Ind on viability of undifferentiated (closed symbol) or differentiated (open symbol) Caco2 

cells. Cells were incubated for 48 h with the phytochemical and cell viability was measured by MTT test as 

reported in Methods. Values are the mean ± SD of three triplicate experiments.  

Induction of apoptosis by Ind was investigated to evaluate the mechanism of the pigment-

induced effect on cell proliferation. 

Phosphatidylserine externalization on cell surface is an early marker of programmed cell 

death. AnnexinV is a protein that binds phosphatidylserine exposed on cell membranes 

surface, while the PI is a DNA intercalating molecule, permeable only through damaged 

plasma membrane cells, thus, it represents an index of necrosis. Therefore using both 

compounds allows the discrimination of early or late apoptotic cells from necrotic cells. 

Flow cytometry analysis of annexin V-FITC and PI stained Caco2 cells, after a 48 h 

treatment with 25 to 100 M Ind showed cells in early apoptosis, with a dose-dependent 

relationship between Ind concentration and the percentage of Annexin V-FITC positive cells 

(Fig. 15).  
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Fig. 15 - Apoptotic effect of Ind in Caco2 cells. % of Annexin V/PI double stained cells. Caco2 cells were 

incubated for 48 h either in the absence (control) or in the presence of Ind. Phosphatidylserine externalization 

was measured using flow cytometry as reported in methods. Representative images of three experiments with 

similar results. 

The apoptotic process includes the release of mediator from the inter-membrane 

mitochondria space (mitochondrial outer membrane permeability MOMP). DiOC6(3), a 

fluorescent mitochondria-specific and voltage-dependent dye, was used to assess the 

involvement of mitochondria in the Ind-induced apoptosis. 

CaCo2 cells, incubated in the absence or in the presence of the phytochemical, were 

subjected to flow cytometric analysis after reaction with DiOC6 (3), whose mitochondrial 

permeability decreases with decreasing organelle trans-membrane potential. Treatment of 

Caco2 cells with Ind for 48 h, caused a marked dose-dependent decrease of DiOC6(3) uptake, 

indicating dissipation of m (Fig. 16) 
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Fig. 16 - Apoptotic effect of indicaxanthin on Caco2 cells. Fluorescence intensity of DiOC6-treated cells as 

determined by flow cytometry. Caco2 cells were incubated for 48 h either in the absence (control) or in the 

presence of Ind and mitochondrial dysfunction was measured using flow cytometry as reported in methods. 

Representative images of three experiments with similar results. 

Intracellular reactive oxygen species (ROS) represent important bio-signals involved in 

many molecular pathways including apoptosis. As Ind is a redox-active compound (Butera et 

al., 2002), the role of oxidative imbalance in triggering pro-apoptotic death was investigated. 

Flow cytometric analysis was performed in the absence or presence of the phytochemical after 

reaction with DCFA, a cell permeable reagent that emits fluorescence after ROS oxidation. 

With respect to untreated cells, the level of intracellular ROS, as a measure of the global 

Caco2 cell redox state, appeared not significantly modified in cells treated with 100 M Ind 

within 6 h to 48 h of incubation, indicating that the effects of Ind did not depend on oxidative 

stress (Fig. 17).  
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Fig. 17 - Indicaxanthin does not alter ROS levels in Caco2 cells. Caco2 cells were incubated either in the 

absence (control) or in the presence of 100 M Ind at different time intervals. Cellular ROS was assayed using 

flow cytometry (DCFDA staining) as reported in Methods. Representative images of three experiments with 

similar results.  

4.3. Epigenetic effects on genomic methylation status by Ind in caco2 

cells 

It is known that phytochemicals may exert their protective action on human health 

through several biological functions; antioxidant activity, modulation of detoxification 

enzymes, or even regulating gene expression. Changes in genome methylation may be one of 

the mechanisms through which phytochemicals act as gene expression regulators (Vanden 

Berghe, 2010). The effect of Ind on DNA methylation patterns in the colorectal cancer cell 

line was therefore investigated. In particular DNA isolated from Caco2 cells grown for 48 h, 

either in the absence or in the presence of 10 M, 50 M Ind, and 100uM was analysed by 

MeSAP-PCR, to investigate changes induced by the phytochemical to global methylation of 

genomic DNA. In accordance with this method, genomic DNA samples are either digested 

with methylation-insensitive restriction enzyme (SDD), or digested with methylation-

Fig. 5 
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insensitive followed by methylation-sensitive restriction enzymes (DDD). Comparison of the 

products from multiplex PCR amplification using non-specific primers allows screening for 

regions of DNA that have altered methylation patterns. Fingerprints of the matched SDD and 

DDD from either untreated or Ind-treated Caco2 cells are reported in Fig. 18.  Inspection of 

the PCR fragments revealed that treatment with an Ind concentration as low as 10 M was 

effective in modifying the global DNA methylation pattern, as shown by the different number, 

intensity and size of the bands in the matched samples compared with the samples from 

untreated Caco2 cells. The DNA banding patterns of cells treated with Ind appeared quite 

comparable with those obtained after treatment with 10 M 5-azacytidine (Aza), a potent de-

methylating agent, suggesting that Ind may induce DNA demethylation 

It should be noted that MeSAP-PCR gives no indication of the genomic region affected 

by methylation / demethylation by an external agent. 
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Fig. 18 -  Methylation-sensitive fingerprints (A) and relevant densitometry profiles (B) of the matched SDD 

and DDD pairs from either untreated or Ind-treated Caco2 cells for 48 h. PCR was performed using arbitrary 

primers after a 16-h restriction enzyme digestion with 10 unit each of AfaI (single digested DNA, SDD) or AfaI+ 

HpaII (double digested DNA, DDD). Caco2 cells treated for 48 h with 10 µM Aza were taken as positive control. 

Bands that appeared to be differentially methylated between matched SDD and DDD global DNA are indicated 

by arrows. Representative images of three experiments with similar results. 

4.4. Analysis on methylation status of p16
INK4a

 gene promoter region 

It is known that abnormal methylation of p16
INK4a

 gene promoter region is the most 

common cause of silencing of this gene in colon cancer cell lines, including Caco2 cells 

(Herman et al., 1995) because of its role as cell cycle regulator. In fact, the lack of this protein 

may lead to uncontrolled proliferation in cancer cells The p16 protein, in effect, binds the 

kinase 4/6 and interferes with their binding to cyclin D, blocking cell cycle progression 
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(Rocco and Sidransky 2001). Therefore, it may be one of the critical factor in colon epithelial 

carcinogenesis.  

To evaluate the potential influence of Ind on the methylation status of p16
INK4a

 gene, 

MSRE-PCR (Methylation-Sensitive Restriction endonucleases) was performed using the 

restriction enzyme CfoI. Through multiplex-PCR, the promoter region of p16
INK4a

 gene and 

an inner region of INTERLEUKIN-4 gene (IL-4), as a control, were simultaneously amplified, 

using as template DNA extracted from Caco2 cells treated with or without 10µM 50µM and 

100µM Ind for 48h. 

 

 

Fig. 19 - Effect of Ind on methylation of p16
INK4a

 promoter region in Caco2 cells .(A) Matched pairs of 

multiplex specific PCR products from undigested (-CfoI) or CfoI methylation sensitive restriction enzyme 

digested DNA(+CfoI) from either untreated or Ind treated Caco2 cells for 48h. IL-4 gene promoter was used as 

negative control. (B) Data of the densitometric analysis are the mean ±SD. ** significantly different from the 

untreated cells (control) (p<0.002). 

A 
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Treatment of Caco2 cells with 10 M Ind did not result in an apparent loss of 

methylation. However demethylation of the p16
INK4a

 promoter region by treatment with 50 

and 100 M Ind is indicated by its reduced PCR amplification, allowing digestion with CfoI. 

The presence, in the same lane, of the IL4-specific product, used as control, shows the PCR 

reaction was worked. Negative control consists in not digested amplified DNA (Fig. 19). 

The same MSRE experiment carried out on total DNA extracted from Caco2 cells treated 

with or without 100 µM Ind for at least 5 days without media change, shows that 

demethylation induced by Ind is stable, since it was shown previously that the Ind 

concentration decreases rapidly after 48h in culture (Fig. 20). The observed DNA 

demethylation effect of Ind in Caco2 cells may reflect an effect forwards DNA 

methyltransferase (DNMTs) enzyme activity. 
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Fig. 20 - Effect of Ind on methylation of p16
INK4a

 promoter region in Caco2 cells. (A) Matched pairs of 

multiplex specific PCR products from undigested (-CfoI) or CfoI methylation sensitive restriction enzyme 

digested DNA(+CfoI) from either untreated or 100µM Ind treated Caco2 cells for 5 days. IL-4 gene promoter 

was used as negative control. (B) Data of the densitometric analysis are the mean ±SD. ** significantly different 

from the untreated cells (control) (p<0.002). 

4.5. Influence of Ind on the tumor-suppressor p16
INK4a

 gene expression in 

Caco2 cells 

In order to validate that demethylation of the p16
INK4a 

promoter gene leads to a 

reactivation of gene expression a Real Time PCR was carried out. This technique utilises the 

fluorophore, Sybr Green, which intercalates in a nonspecific manner into the DNA double 

helix, that is formed during the PCR. Sybr Green when excited emits a green light whose 

A 



 

 
69 

intensity is proportional to the concentration of amplified DNA. In particular the number of 

the PCR cycle when sybr green starts to emit fluorescence is proportional to the original 

amount of cDNA in each sample. 

First a reverse transcription of RNA extracted from Caco2 cells treated with or without 10 

µM 100 µM Ind and with 10μM Aza, was carried out. Real-time PCR revealed that a 48h 

treatment of Caco2 cells with 100 M Ind resulted in a significant reactivation of the mRNA 

expression (Fig. 21). 

 

 

 

 

Fig. 21 - mRNA expression levels in Caco2 cell line performed by real time-PCR with β-actin as an internal 

control Caco2 cells treated for 48 h with 10 µM Aza were taken as positive control. Values are the mean ±SD of 

three experiments carried out in triplicate ** significantly different from the untreated cells (control) (p<0.002) 

 

Interestingly a slight p16
INK4a

 mRNA increase was evident even after a treatment with 10 

µM Ind under the same conditions indicating some gene reactivation.  
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Fig. 22 - p16 protein expression by Western blot analysis and densitometric analysis of immunoblots. Those 

are representative of three experiments with similar results. Caco2 cells treated for 48 h with 10 M Aza were 

taken as positive control. (**) p<0.002 

The effect of Ind on p16 protein expression in Caco2 cells was evaluated by Western blot 

(Fig. 22). The results obtained indicate that, there is increased p16 protein in Caco2 cells 

treated with 100 µM Ind for 48h, compared to the control, confirming the reactivation gene.  

The reversal of p16
INK4a

 hypermethylation and re-expression of mRNA and protein was 

comparable with that obtained after treatment of cells with 5-azacytidine (Aza) (Fig. 19, Fig. 

21 and Fig. 22) indicating that Ind al 100µM has a similar demethylating effect to this 

pharmaceutical agent at this locus. Moreover, this study confirms the literature data that 

indicates the p16
INK4A

 gene is epigenetically silenced in cancer cells of intestinal 

adenocarcinoma (Rocco. 2001). 
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4.6. Ind induces a reactivation of p16
INK4a

 protein 

Working in concert with other factors, p16
INK4a

 regulates cell cycle progression. Infact the 

INK4 proteins, such as p16
INK4a

, destabilize the association of the D-type cyclin with kinase 

K4 or K6 (CDK4/6) (Sherr, Roberts 1999), thus preventing phosphorylation, and inactivation 

of the tumour suppressor retinoblastoma protein, RB, a key regulatory step in the pathway 

controlling proliferation of cancer cells (Knudsen, Knudsen 2008).  

To evaluate that, the re-expression of p16
INK4a

 leads to the reactivation of functional p16 

protein, the protein levels of phosphorylated pRB was analysed. 

Western blot analysis showed that treatment of Caco2 cells with 100 M Ind for 48 h, 

resulted in a significant decrease of the hyper-phosphorylated RB, with a parallel increase of 

the hypo-phosphorylated form, indicating that Ind treatment prevented inactivation of RB 

consistent with a p16
INK4a

 reactivation. The CDK4 levels appeared unchanged with respect to 

untreated cells (Fig. 23). 
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Fig. 23 - Ind effect on CDK4 and RB levels in Caco2 cells. Caco2 cells were incubated either in absence 

(control) or in presence of 100 µM Ind for 48 h. CDK4 and RB by immunonoblotting with densitometric analysis 

of the immunoblots. Representative images of three experiments with similar results. Data of the densitometric 

analysis are the mean ±SD. *significantly different from the untreated cells (control) (p<0.05).  

4.7. Ind influences on cell cycle progression in Caco2 cells 

Inhibition of RB phosphorylation is the main mechanism to control cell cycle progression 

at G1 and S phases (Weinberg RA 1995). In this regard, the phytochemical influence on 

Caco2 cell cycle progression was studied by flow cytometry using a PI stain that intercalating 

on nucleic acids gives an idea of cell DNA content during different phases. 

The distribution of Caco2 cells in different phases of the cell cycle was analysed after a 

48 h treatment with 100 M Ind and is shown in Fig. 24, compared with untreated cells grown 

under comparable conditions. DNA content analysis showed that Ind induced a decrease in 

the percentage of cells in the G0/G1 phase, with a concurrent increase of cells in phase S and 

G2/M, indicating that despite re-expression of p16
INK4a

 and re-activation of RB the transit of 

cells from G1 to S phase was not completely prevented.  



 

 
73 

 

Fig. 24 - Effect of Ind on cell cycle distribution in Caco2 cells. Flow cytometric analysis of propidium 

iodide-stained cells after treatment with Ind. Caco2 cells were incubated either in the absence (control) or in the 

presence of 100 M Ind for 48 h.  The percentage of cells in the different phases of the cycle was calculated by 

Expo32 software. Representative images of three experiments with comparable results. 
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4.8. Influence of Ind on global DNA methylation in different colorectal 

cancer cell lines (methylation status of LINE-1) 

It is now well established that phytochemicals often function as potent modulators of the 

mammalian epigenome-regulated gene expression through regulation of DNA methylation, 

histone acetylation, and histone deacetylation in experimental models (Malireddy et al., 

2012).  

This studies indicate that Ind is able to affect the epigenome in Caco2 cells. In this 

context the epigenetic effect of Ind on DNA methylation in other colorectal cancer cell lines 

was investigated. 

Long interspersed nuclear element-1 (LINE-1), a transposon in the human genome, has 

been considered as a good representative for measuring global DNA methylation (Kazazian 

and Goodier, 2002). 

The effect of Ind on LINE-1 methylation levels was therefore explored. DNA from the 

cell lines (Caco2, LOVO1, DLD1, HT29, HCT116) treated with 10, 50 and 100µM Ind for 

48h was extracted and subsequently treated with sodium bisulphite. The latter is known to 

deaminate cytosine to thymine, while 5-methylcytosine resists this bisulphite action. Thus 

performing two subsequent real-time PCR, with specific primers amplifying methylated 

sequences or unmethylated sequences, it is possible to quantify the amount of total 

methylation as well as any change in total methylation.  
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Fig. 25 - Histogram shows global DNA methylation assessed on the basis of LINE-1 amplification. % of 

DNA methylation is calculated as mentioned in methods. RNA was extracted from the different cell lines (Caco2, 

LOVO1, DLD1, HCT116 and HT29) treated with 0µM, 10μM, 50μM, 100µM Ind  for 48h. (*)p Value <0,05 (**) p Value 

<0,001 

As show in Fig. 25 low concentration of Ind induces a significant increase of LINE-1 

methylation in Caco2. Instead Ind 10µM induced a significant decrease of LINE-1 

methylation in LOVO1. All concentrations of Ind induce alteration of LINE-1 DNA 

methylation in DLD1 cells. Methylation of HT29 and HCT116 was not significantly altered. 
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4.9. Ind influence on gene methylation in different colorectal cancer cell 

lines  

The previous observations showing an effect of Ind on DNA methylation patterns 

(MESAP), LINE-1 methylation and p16
INK4a

 methylation suggest that Ind may affect the 

methylation status of other genes implicated in colon carcinogenesis. 

For the sake of clarity all genes studied are represented in one graph for each cell line. 

Some genes failed to amplify in some of the cell lines, therefore, no data is presented.  

Fig. 26 shows the methylation percentage of each gene studied using COBRA assay. 

Genome-wide (LINE-1) methylation for each cell line is also included in order to aid the 

subsequent discussion. 

Interestingly each gene in each cell line is differentially methylated. Apart from SFRP1 

and HPP1 which show, in every cell line, a high level of methylation.  

In Caco2 cell line Ind, at high concentration, induces a significant demethylation of 

p16
INK4a

 (18%), GATA4 (26%) and WNT5A (37%). Demethylation is also induced by 10 µM 

Ind in NOD2 gene (7%). It should be noted that all these genes are more than 60% methylated 

in control conditions. The low level of DNMT3B gene methylation is significantly increased 

after 100µM Ind treatment (10% more than control) (Fig. 26A).  

It is important to notice that methylation change have to be differently considered on the 

basis of original methylation status. For example, a little methylation change in a low 

methylated gene is heavier than the same methylation change in higher methylated gene. 
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In LOVO1 cell line, Ind at higher concentrations induces a demethylation of ESR1 (6%), 

GATA4 (31%) and WNT5A (40%). No significant alterations in methylation were observed in 

the other genes (Fig. 26B). 

All the genes investigated in DLD1 cells are highly methylated, and no effect of Ind was 

observed (Fig. 26 C).  

In HT29, the ESR1 gene is strongly demethylated after Ind (50µM and 100µM) treatment 

(40%). Demethylation of the in p16
INK4a

 gene (14%) was also observed (Fig. 26 D). 

In HCT116 cells Ind at higher concentrations induced a significant demethylation of 

p16
INK4a

 (20%) and WNT5A gene (15%), in contrast it increases methylation of WNT1 (14%) 

and ESR1 (6%). Ind has a heavy effect (even for a 6%) changing methylation status in ESR1 

gene just because it is only 11% methylated at control conditions (Fig. 26E).   
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Fig. 26 - DNA methylation values for nine genes and for LINE-1 in each cell line. % of DNA methylation is 

calculated as mentioned in methods. DNA was extracted from the different cell lines Caco2 (A), LOVO1(B), DLD1(C), 

HT29(D) and HCT116 (E) treated with 0µM, 10μM, 50μM, 100µM Ind  for 48h. (*) p Value <0,05 (**) p Value <0,002 

A statistical analysis was performed in order to investigate the relationships between 

LINE-1 and gene methylation. In Caco2 cells, LINE-1 methylation is highly correlated with 

ESR1 (R
2 

0.998) methylation. LINE-1 methylation is also inversely correlated to NOD2 

change methylation (R
2 

0.935). As well as in Caco2 WNT5A methylation is correlated to 

GATA4  methylation (R
2 

0.942). 
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Furthermore in HCT116 cell line ESR1 change methylation is correlated to p16 change 

methylation (R
2
 0.907). In addition performing statistical analysis between methylation of the 

same gene in different cell lines, results a inversely correlation between LOVO1 and HCT116 

in ESR1 methylation, and a positively correlation in WNT5A methylation between LOVO1 

and HCT116. 

4.10. Alteration of DNA Methyl-Transferase (DNMT) activity by Ind 

Since previous experiments showed demethylating effects of Ind, which raises the 

possibility that this may be due to an inhibition of DNA Methyl Tranferase (DNMT) activity. 

 DNMT transfers the methyl group from the donor SAM (S-Adenosyl-Methionine) to 

cytosine in DNA. If they are inhibited in transferring the methyl group, during a new DNA 

replication (DNMT3) or even during the maintenance of DNA methylation status (DNMT1), 

DNA would be inevitably and consequently demethylated. 

 

Fig. 27 - % DNMT activity inhibition, with respect to untreated control, tested by EpiQuik ™ DNMT 

Activity/Inhibition Assay Kit Ultra as reported in method. Values are the mean ±SD of three experiments 

carried out in triplicate. 
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DNMT activity assay performed on Caco2 cells treated with 50 and 100µM Ind for 48h 

alongside untreated controls, showed a dose dependent inhibition of DNMT activity. With 

30%  inhibition in cells treated with 100µM Ind. It has to be noted that the assay is not able to 

distinguish between the activity of the different DNMT enzymes therefore providing a 

measure of total nuclear DNMT activity (Fig. 27). 

4.11. Molecular Modelling interactions between Ind and DNMT1  

In silico molecular imaging studies performed in Dr. Marco Tutone Lab. (Department 

STEBICEF - Chemistry Pharmaceutical and Biological industry Section- University of 

Palermo) shows very interesting data. By adopting the molecular modelling approach of Yoo 

and Medina-Franco (Yoo et al., 2012) which consisted of refined crystal structure of DNMT1 

catalytic domain (residues 1139-1600), induced fit docking and nanosecond-scale molecular 

dynamics, the interactions between DNMT1 protein and Ind were studied. Ind showed 

interactions with key residues of the DNMT1 target protein. Results obtained by IFD 

(Induced Fit Docking) are then confirmed by the molecular dynamics simulation (Fig. 28). 

The H-bonds between C2-COOH, Arg1574 and Asn1578 were identified as the principal 

interactions, as well as with Gly1223, Gln 1227, Arg1312, Glu1266 and Thr1528. Last, many 

hydrophobic interactions stabilize the ligand-protein interactions. After the relaxation period 

of the system of about 200 ps, equilibration was reached and the most representative 

snapshots were extracted. Fig. 28 shows some snapshots of the simulation chosen at regular 

intervals, interactions were analysed.  
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a) snapshot 1 

 

 

b) snapshot 2 

 

 

  

c) snapshot 3 d) snapshot 4 
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e) snapshot 5 

Fig. 28 - Molecular dynamics simulation. After the relaxation period of the system about 200 ps, 

equilibration was reached and the most representative snapshots were extracted at regular intervals of the 

simulation.  

Snapshot 1 (Fig. 28a) Ind assumes a rolled-up conformation due to the fact that the two 

exocyclic double bonds are in cis-cis conformation; four water molecules are involved in the 

binding pocket, interacting with the carboxyl groups; H-bonds are established between 

Arg1574, Asn1578 and the C2-COOH, between Glu1266 and C11-COOH, two H-bonds 

between Gly1223, C13- COOH and the adjacent nitrogen atom. The catalytic residues 

(Pro1225, Cys1226, Gln1227) are very close to the ligand, confirming the prior IFD results. 

In snapshot 2 (Fig. 28b) Ind flipped out its conformation trans-trans which leads to a new H-

bond of C11-COOH with Arg1312 and the loss of the H-bond interaction with Glu1266. 

During the rest of the simulation (Fig. 28c and Fig. 28d) Ind maintained the flipped out 

conformation and the H-bond interactions with the previous identified residues. Only at the 

end of simulation (Fig. 28e) Ind comes back to the cis-cis conformation, but C11-COOH did 

not establish any H-bond interaction, except with water molecules. An interesting point to be 

stressed is the copious hydrophobic interactions with the catalytic loop residues. Water 

molecules are also present in the pocket and this is synonymous of a quite open and 
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hydrophilic binding pocket, but this last consideration could be due to the presence of three 

carboxyl groups. 

4.12. Ind influence on DNMT1 protein expression in Caco2 cells 

The observed inhibition of DNMT activity by Ind may be due to a reduction of the 

expression of one or more of the DNMT genes or protein. This was investigated for DNMT1 

expression in Caco2 cells treated with 50µM and 100µM Ind by Western blot analysis, which 

showed that Ind did not significantly affect DNMT1 protein expression (Fig. 29). 

 

 

 

 

 

Fig. 29 - Western Blot Analysis of DNMT1 protein extracted from treated and (50 and 100µM) untreated 

proliferating Caco2 cells for 48h (A) analysis of the immunoblots performed with ImmageJ software (B). 

Representative images of three experiments with similar results. 
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The expression of DNMT1 has been further studied by real-time PCR, focusing only on 

100µM Ind treatment and 10μM Azacytidine, which showed that in Caco2 cells Ind did not 

inhibit DNMT1 mRNA expression (Fig. 30). 

 

 

Fig. 30 - DNMT1 gene expression by Real-Time PCR analysis. RNA was extracted from treated 100µM  Ind 

and 10μM Azacytidine  and untreated proliferating Caco2 cells after 48h. 
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The effect of Ind on DNMT3A and DNMT3B expression was also investigated by real-

time PCR. The results showed that Ind 100 µM increased DNMT3A mRNA expression by 2.5 

fold in Caco2 cells (Fig. 31A) but a weak effect on DNMT3B expression (1.2 fold) was 

observed (Fig. 31B). 

 

 
 

 

 

Fig. 31 - DNMT3A (A) and DNMT3B (B) gene expression by  Real-Time PCR analysis. RNA was extracted 

from Caco2 cells after 48h treatment with 0µM (control), 100µM Ind and 10µM Azacytidine Y axis express  (*) p 

Value <0,05  
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4.13. DNMT expression in colorectal cancer cell lines 

Since from previous experiment Ind is able to induce effect on DNA methylation in the 

different colorectal cancer cell lines, the effects of Ind on the expression of the DNMTs was 

investigated in those cell lines (LOVO1, DLD1, HT29, HCT116)   

 

 

 

   

 

 

 

Fig. 32 - DNMT1gene expression by Real-Time PCR analysis. RNA was extracted from the different cell 

lines (LOVO1, DLD1, HCT116 and HT29) treated with 0µM, 100µM Ind and 10μM Azacytidine for 48h, Y axis 

express  2
-ΔΔCt

  (*) p Value <0,05 (**) p Value <0,002 

Fig. 32 shows Ind (100µM) increased DNMT1 mRNA expression in DLD1 and HCT116 

cell lines by 2 and 3.1 fold, respectively after 48h treatment.  
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Fig. 33 - DNMT3A gene expression by Real-Time Analysis. RNA was extracted from the different cell lines 

(LOVO1, DLD1, HT29 and HCT116) treated with 0µM, 100µM Ind and 10μM Azacytidine for 48h, Y axis 

express  2
-ΔΔCt

 (*) p Value <0,05  

DNMT3A expression was only affected by Ind in LOVO1 cells, which showed a 2.2 fold 

increase in expression. No signicifant effects of Ind were observed in the other cell lines (Fig. 

33).                                                                            
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Fig. 34 - DNMT3B gene expression by Real-Time Analysis. RNA was extracted from the different cell lines 

(Lovo1 DLD1, HCT116 and HT29) treated with 0µM, 100µM Ind and 10μM Azacytidine for 48h, Y axis express  

2
-ΔΔCt

 (**) p value <0.02 

DNMT3B expression was only affected by Ind in HCT116 cells which showed a 2 fold 

increase in expression after 48h of treatment. No significant effect were observed in the other 

cell lines (Fig. 34). 
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4.14. Ind influence in DNMT3B splice variants expression  

It is known that the expression of different DNMT3B splice variants is associated with 

changes in DNA methylation. Different isoforms of DNMT3B, resulting from alternative 

splicing and/or alternative promoter usage, have been reported (Wang et al., 2006, Ostler et 

al., 2007).  

The effect of Ind on the expression of all DNMT3B and ΔDNMT3B variants was 

investigated by real-time PCR. However for clarity, only those results showing a significant 

change in expression after Ind treatment are shown (Fig. 35 and Fig. 36) 

  



 

 
91 

G
en

e 
E

x
p
re

ss
io

n
 (

2
 -Δ

Δ
C

t ) 
G

en
e 

E
x
p
re

ss
io

n
 (

2
 -Δ

Δ
C

t ) 

 

 

 

 

 

 

 

 

 

Fig. 35 - DNMT3B splice variants gene expression by Real-Time PCR analysis. RNA was extracted from 

the different cell lines (Caco2, LOVO1, DLD1, HCT116 and HT29) treated with 0µM, 100µM Ind and 10μM 

Azacytidine for 48h, Y axis express  2
-ΔΔCt

 (**) p value <0.02  

Fig. 35 shows that Ind affected the expression of the DNMT3B transcriptional variants 

lacking key regions of the catalytic domain (DNMT3B3, 3B4 and 3B5). Ind increased the 

expression of DNMT3B3 in DLD1 (1.6 fold) and HCT116 (2.2 fold) cells. DNMT3B4 

expression was increased only in HCT116 cells by 2.3 fold. The expression of DNMT3B5 

was significantly increased by Ind in LOVO1 (1.7 fold), DLD1 (1.9 fold) and HCT116 (1.9 
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fold) cells. No effect of Ind on the expression of these variant was observed in Caco2 or HT29 

cells. 

  

  

 

 

Fig. 36 - DNMT3B splice variant gene expression by Real-Time PCR analysis. RNA was extracted from the 

different cell lines (Caco2, LOVO1, DLD1, HCT116 and HT29) treated with 0µM, 100µM Ind and 10μM 

Azacytidine for 48h, converted in Y axis express  2
-ΔΔCt

 (*) p Value <0,05 (**) p Value <0,002 

 The effects of Ind on the expression of DNMT3B variants lacking the regulatory domain 

(ΔDNMT3B1, ΔDNMT3B5, ΔDNMT3B7) or containing a mutant version of this domain 

(DNMT3B2) is shown in Fig. 36 Ind induced a significant increase of DNMT3B2 expression 

in DLD1 (2 fold) and HCT116 (2.5 fold) cells. ΔDNMT3B1 expression was only significantly 

increased in HCT116 (1.3 fold) cells while ΔDNMT3B5 expression was significantly 
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increased in HT29 (1.6 fold) and HCT116 (2.1 fold) cells. The expression of ΔDNMT3B7 

was significantly increased by Ind treatment in DLD1 (1.7 fold), HT29 (1.8 fold) and 

HCT116 (2.1 fold) cells. Azacytidine increases the expression of these DNMT3B 

transcriptional variants in all the cell lines expected HT29, suggesting that the DNMT3B gene 

may be subject to its demethylating effect. 

4.15. Ind influence on demethylase expression  

DNA demethylation may take place as a passive process due to a lack of maintenance 

methylation during several cycles of DNA replication, or as an active mechanism in the 

absence of replication. 

Several proteins were identified to be involved in this process by a number of different 

mechanisms that leads to a demethylation of 5-methylcitosine. 

In order to assess whether Ind is able to induce an alteration in DNA demethylase mRNA 

expression, which may explain the effects of Ind on DNA methylation in these cell lines, the 

effect of Ind on the mRNA expression of members of the TET family, MBD4 and GADD45A 

was investigated. 
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Fig. 37 - DNA Demethylase gene expression by Real-Time PCR analysis. RNA was extracted from the 

different cell lines (Caco2, LOVO1 DLD1, HCT116 and HT29) treated with 0µM, 100µM Ind and 10μM 

Azacytidine for 48h, Y axis express  2
-ΔΔCt

 (*) p Value <0,05 (**) p Value <0,002 
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Fig. 37 shows that Ind treatment lead to an increase in TET2 expression in LOVO1 (2.2 

fold) and HT29 (2.2 fold) cells, an increase in MBD4 expression in LOVO1 (1.7 fold), DLD1 

(1.5 fold) and HT29 (1.6 fold) cells and an increase in GADD45A expression in HCT116 (1.6 

fold) cells.  
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5. DISCUSSION 

The designation of “cancer” was first used by Hippocrates in reference to the crab-like 

appearance of certain tumours. Known as the father of Western medicine, he also coined the 

phrase, “let food be thy medicine, and medicine be thy food,” demonstrating his respect for 

the relationship of diet to human health.  

Dietary phytochemicals are currently investigated as potential chemo preventive and/or 

chemotherapeutic agents and mechanisms involved in their effects actively researched. There 

is experimental evidence that these compounds can counteract cancer-related epigenetic 

changes, which finally may prevent or revert cell alterations that lead to abnormal cell growth 

(Fang et al., 2007; Fang et al., 2005) 

Additional findings involving the role of numerous phytonutrients in the chemo-

prevention of colon cancer are available. The colon is an attractive model  for such studies 

because the incidence of this kind of cancer is inversely related with the consumption of fruits 

and vegetables (Voorrips et al., 2000) and because given the accumulation and bioavailability 

of these compounds after ingestion, the potential activity of these dietary components may be 

higher at the gastrointestinal (GI) tract, due to the direct exposure of the intestinal epithelia to 

higher doses of dietary compounds compared to most other tissues that often experience lower 

or much lower levels of exposure.  

In this context this study investigated the activity of a singular dietary phytochemical: 

Indicaxanthin, a betalain from the edible fruit of the cactus Opuntia ficus indica. Its intestinal 

absorption does not require metabolic transformation and results in a high bioavailability in 

humans (Tesoriere et al., 2008; Tesoriere et al., 2004), molecule uptake by cells has also been 

observed after ingestion in humans and rats (Tesoriere et al., 2005, Allegra 2013). 
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5.1. Anti-proliferative effects of Ind in tumour cell lines 

The anti-proliferative effects of Ind have been investigated in a number of transformed 

cells from human tumours of epithelial origin, i.e. HUH-7, HEPG-2, Ha22T, MCF-7 and 

HeLa, representing cells from liver, breast and cervix cancer, the growth of which did not 

appear to be, or was less affected in comparison with the colorectal cancer cell line Caco2, at 

least under comparable assay conditions. Therefore the activity of Ind was also investigated in 

other colorectal cancer cell lines i.e. LOVO1, DLD1, HT29, HCT116, in order to evaluate the 

effect of Ind on a broad spectrum of cells derived from the same tissue. Ind has an 

antiproliferative effect on several of the colorectal cancer cell lines although the magnitude of 

the effect differs between them. In fact, in the context of colorectal carcinoma cell analysed 

Ind has a higher anti-proliferative effect in Caco2 and then gradually less powerful in LOVO1 

cells, still less powerful in DLD1 and HCT116 cell lines and is ineffective against HT29 cell 

proliferation. This may be due to the fact that, despite the same tissue of origin, these cells 

vary widely both in their cytogenetic features i.e. aneuploidy: in fact, Caco2 cells show 

polyploidy possessing 96 chromosomes in comparison to the other cell lines that present 

pseudodiploid (DLD1) or hyperdiploid chromosome sets (LOVO1 and HT29) and in their 

genetic profiles. The mutational profile of these cell lines varied significantly but perhaps the 

most interesting variation in the context of this study was the mutation of the RAS oncogene. 

Activating point mutations in the genes encoding the RAS subfamily of small GTP 

binding proteins contribute to the formation of a large proportion of human tumours. RAS 

proteins are involved in the signal transduction of a number of signalling pathways to regulate 

various cellular functions such as cell growth, differentiation and apoptosis, as well as cell 

migration. Constitutive activation of RAS proteins provides a major contribution towards the 

establishment of the transformed phenotype and the fully malignant state (Downward 2003). 

Removal of RAS oncogene from human tumour cell lines results in reversal of transformation 

http://en.wikipedia.org/wiki/Cervical_cancer
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(Shirasawa 1993 Chin et al., 1999), suggesting that these tumours can show RAS “oncogene 

addiction” (Sharma et al., 2006) and making RAS an attractive target for tumour therapy. 

“Oncogene addiction” is a term that was first coined by Bernard Weinstein to describe the 

apparent acquisition of dependency by tumour cells on a single oncogenic activity, despite its 

plethora of genetic alterations (Weinstein, 2002). This phenomenon has been most clearly 

illustrated in several different transgenic mouse models of tumorigenesis, and is characterized 

by the proliferative arrest, differentiation, and/or apoptosis of tumour cells upon the acute 

inactivation of an oncogene that initially contributed to the tumour phenotype. A profound 

implication of this hypothesis is that switching off this crucial pathway upon which cancer 

cells have become dependent should have devastating effects on the cancer cell while sparing 

normal cells that are not similarly addicted. This, of course, is the discriminating activity 

required for any effective cancer therapeutic. RAS proteins themselves have so far proved 

difficult to inhibit selectively using drugs, so attention has shifted to targeting the downstream 

signalling pathways controlled by RAS, which contain several more tractable enzymes, such 

as RAF, MEK and AKT protein kinases and the lipid phosphoinositide (PI) 3-kinases 

(PIK3CA). 

Colorectal cancer cells considered in this work differ for mutations in KRAS, BRAF and 

PIK3CA genes. In particular HT29 has mutation only in BRAF gene, showing a dependence 

upon or “addiction” to the ERK1/2 pathway (Solit et al., 2006). HCT116 and DLD-1 cells 

possess the same KRAS (KRAS
13D

) and PIK3CA mutations to which they are addicted for 

maintenance of their tumorigenic phenotype (Shirasawa et al., 1993). LOVO1 show KRAS 

mutation as well, to which they are addicted, but they also show a wild type genotype for the 

PIK3CA gene. None of these genes are mutated in Caco2 cells. 

Engelbrecht et al., studying proanthocyanidin chemo preventive effects from grape seeds, 

against Caco2 cells, showed that GSPE exerts its antiproliferative effects by means of 
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suppression of the important PI3-kinase survival-related pathway (Engelbrecht et al., 2007). 

In this context it is reasonable to suppose that Ind can act similarly. In fact, it exerted a 

stronger action on those cells that contain a wild type PIK3CA gene (Caco2 and LOVO1). In 

the cell lines containing mutations in the PIK3CA pathway, Ind had a weaker action, due 

probably to activation of compensatory signalling by other pathways, for example by the 

constant activation of the ERK1/2 pathways by RAS mutation (DLD1 and HCT116). Ind had 

no effect on cells containing mutated BRAF (HT29). It is well known that differences in 

KRAS or BRAF mutation leads to a different cell sensitivity, for example, to MEK1/2 

inhibitors (Balmanno et al., 2009); in the same way these cells may be less sensitive to Ind 

due to the different gene mutations they carry. 

In this perspective, one might assume for the Caco2 and the LOVO1 a dependence upon 

PI3-K/PKB signalling pathway, as Engelbrecht et al., supposed PI3-K/PKB signalling 

pathway as a potential therapeutic target (Engelbrecht et al., 2007).  

Therefore it would be interesting for future studies to be directed towards the effect of Ind 

on the activation of different pathways (i.e. the PIK3CA pathway) in these cells, to further 

elucidate the biochemical mechanisms responsible for its activity. 

Furthermore in light of the different set of chromosomes that distinguishes Caco2 from 

the other cell lines studied in this work, the higher antiproliferative effects of Ind in Caco2 

compared to the other cell lines, suggests that Ind could acts by altering specific genes 

important for survival. Alteration of these genes in a cell line with significant genomic 

instability such as Caco2 could be more efficient compared with the other cell lines.  
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5.2. Pro-apoptotic effects of Ind in Caco2 cell line 

Reactive oxygen species (ROS) have been proposed as second messengers in the 

activation of several signalling pathways leading to mitogenesis or apoptosis (Forman et al., 

2002). 

Redox-sensitive cysteine residues are known to sense and transduce changes in cellular 

redox status caused by the generation of ROS (Barford 2004). The effective transmission of 

information requires specificity, and how ROS signalling occurs with specificity and without 

oxidative damage remains poorly understood. 

The pro-inflammatory micro-environment that drives many tumour types also contains 

free radicals produced by neutrophils, macrophages, endothelial and other cells. ROS such as 

.
O2, 

.
OH, H2O2 can react with cellular biomolecules such as nucleic acids, enzymes, 

carbohydrates, and lipid membranes, causing cellular and tissue damage, which in turn 

augments the state of inflammation. 

In searching for mechanistic aspects of the regulation of cancer prevention and therapy by 

phytochemicals, generation of high levels of ROS and oxidative stress in cancer cells, with 

DNA damage and apoptosis, has been demonstrated under certain circumstances. This 

activity, however, may be potentially harmful for healthy cells (Nair et al., 2007). Sporn and 

Liby noted that the principal need in the chemo-prevention of cancer remains the discovery of 

new agents that are effective and safe, that will allow their beneficial use, in a manner that is 

essentially free of undesirable side effects (Sporn and Libynoted 2005). In this work Ind 

inhibited growth and promoted apoptosis of proliferating Caco2 cells in a concentration-

dependent manner. In addition, measurements of ROS levels in the treated cells showed that 

these effects did not depend on modifications of the cell redox environment or pro-oxidative 

activities. Importantly, the data presented also show that Ind did not affect survival of post-
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confluent differentiated intestinal-like cells, at least at the assayed concentrations, providing 

evidence of its safety and suggesting that Ind could exert selective anti-cancer effects acting at 

the level of modified regulatory mechanisms in the transformed cells. 

5.3. Epigenetic effects of Ind in Caco2 cells: reversal of hypermethylation 

and reactivation of p16
INK4a

  

Epigenetic alterations have been identified as promising new targets for cancer prevention 

strategies as they occur early during carcinogenesis and represent potentially initiating events 

for cancer development. Changes in DNA methylation have been recognized as one of the 

most common molecular alterations in human neoplasia and hypermethylation of gene-

promoter regions is being revealed as one of the most frequent mechanisms of loss of gene 

function (Bird 2002).  

In general, the majority of the short CpG-rich sequences in gene promoter regions, the 

CpG islands, are unmethylated in normal cells (Suzuki 2008) while most of other CpG 

dinucleotides are methylated, mainly where CpG density is low. 

Methylation of CpG sequences in the promoter of p16
INK4a

 gene, a tumour suppressor 

gene implicated in cell cycle control and in apoptosis (Esteller  2002), has been reported in 

approximately 30% of colorectal tumours, and observed in the adenocarcinoma Caco2 cell 

line (Lind et al., 2004). 

Genome analysis performed in Caco2 cell line, showed that Ind treatment produced clear 

epigenetic effects. These are evident as both a global variation of DNA methylation state and 

a specific and reversal of the hypermethylation of the onco-suppressor p16
INK4a

 gene, latter 

accompanied by re-expression of mRNA and accumulation of p16
INK4a

 protein. Apparently, 

whereas changes on the global DNA methylation were observed after cells treated with Ind 
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concentrations as low as 10 µM, loss of methylation of the p16
INK4a

 gene was not apparent 

after a 48 h incubation with this amount. However, the highly sensitive RT-PCR revealed 

production of mRNA suggesting that at least a partial gene demethylation and reactivation 

had occurred even under these conditions. 

The p16
INK4a

 gene codes for the 16 kDa protein p16
INK4a

 which is a major inhibitor of cell 

cycle progression (Serrano 1995). The protein inhibits the formation of the cyclin dependent 

kinase D1-CDK4/6 complex thus preventing phosphorylation of the tumour suppressor 

complex retinoblastoma protein (RB)/E2F. On phosphorylation of RB, the released 

transcription factor E2F is allowed to activate S-phase essential genes thus promoting cell 

cycle progression (Weinberg 1995). In Caco2 cells the observed significant reduction of 

phosphorylated RB in Ind-treated cells appears to be consistent with a re-expressed and 

functional p16
INK4a

 protein. In addition, the expression of CDK4 in the Ind treated cells did 

not appear to be affected, substantiating that re-activation of RB was strongly associated with 

the p16
INK4a

 –dependent CDK4 inhibition.  

A hypo-phosphorylated RB is usually associated with resting cells whose cycle is arrested 

in the G0/G1 phase (Ludlow et al., 1990, Ludlow et al., 1993). However, when the DNA 

content was evaluated by flow cytometry, despite the re-expressed p16
INK4a

 and reactivated 

RB, the transit from G1 to S-phase did not appear to be completely prevented, and Ind 

treatment of Caco2 cells resulted in a G2/M-phase cell cycle arrest. Compensatory 

mechanisms involving other cell cycle regulators, which would bring about alteration of the 

cell cycle dynamics (Santamaria et al., 2007), and/or eventual activity of Ind on other check 

points of cell cycle, cannot be ruled out. On the other hand, it has recently been reported that 

p16
INK4a

 over-expression can alter cell cycle distribution of malignant cells, with an S-phase 

lengthening, even in the presence of a hypo-phosphorylated RB (Chien et al., 2010).  
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Mechanisms by which Ind affected apoptosis in Caco2 cells were not investigated, and 

require other molecular studies; however the expression of p16
INK4a

 and activation of RB may 

be involved in the effects observed. Besides being major controllers of the cell cycle, p16
INK4a

 

and RB possess multiple anti-tumour functions (Lu et al., 2012) and their activity in 

regulating cell death has been shown. Over-expression of p16
INK4a

 has been associated with 

apoptosis of various transformed cells with down-regulation of the anti-apoptotic bcl-2 

protein (Lu et al., 2012, Kataoka et al., 2000 ), and involvement of RB in apoptosis has been 

reported (Hilgendorf  et al., 2013, Knudsen  et al., 1999). Then, with reactivating the 

expression of the p16
INK4a

 anticancer gene, and allowing the activation of RB downstream, 

Ind may have the potential of restoring cell mechanisms inducing Caco2 cells to undergo 

apoptosis. 

Targeting  epigenetic pattern is an important aspect to take into consideration as an 

advantage in the study of phytochemicals as chemo-preventive or chemotherapeutic agents; 

This is not only because epigenetic changes are reversible and can therefore potentially be 

prevented by specific natural phytochemicals, but it should be noted that epigenetic changes 

are stable over time. 

Interestingly, even transient exposure to Ind in Caco2 cells, may induce long-lasting 

epigenetic changes in the promoter region of p16
INK4a

 gene. In fact after 5 days p16
 INK4a

 

promoter region is still demethylated, as this modification is maintained through cell 

generation. 

Alteration of epigenetic gene regulation mechanisms, which persists over time should be 

an important topic to be considered in the concept of cancer prevention and cancer therapy, as 

changes in DNA methylation can be transmitted to the next generation of cells. Thus 

phytochemicals contribute not only to restore methylation patterns altered by malignant 

transformation events,  but also long-lasting maintenance of this epigenetic status.   
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5.4. Ind Bioavailability  

Biotransformation and bioavailability issues have frequently been raised in claiming 

potential activity of dietary phytochemicals in humans (Visioli et al., 2011, Yang et al., 2008). 

Clinical trials of natural compounds such as curcumin, lycopene and genistein, as chemo-

preventive and therapeutic agents for cancer show poor bioavailability, which raises issues 

with extrapolation of in vitro results to physiological effects (Bemis et al., 2006; Amin et al., 

2009). 

Furthermore data from literature indicate the effects of several natural compounds depend 

on their concentrations. Folic acid is an excellent example; it was shown to reduce cancer cell 

growth, to demethylate and activate methylation silenced tumour suppressor genes at 0.88 

mg·L-1 of media in Caco2 colon adenocarcinoma cells. However, a 10-fold higher 

concentration led to enhanced cancer cell proliferation, with concomitant increase in 

methylation of tumour suppressor genes (Berner et al., 2010). 

In this study remarkable epigenetic effects have been elicited even by a single treatment 

of colorectal cancer cells (observed through different techniques MSRE and LINE1) with 10 

M Ind, an amount comparable with the level of Ind revealed in human plasma (7 M) after a 

single ingestion of a dietary consistent amount of cactus pear fruits (four fruits, Tesoriere et 

al., 2004). Interestingly, when considering an intestinal volume of 600 mL and the stability of 

Ind in the gastro-intestinal conditions (Tesoriere et al., 2008), Ind solution in intestinal digesta 

from a single fruit serving size (149 g fruit pulp, yellow cultivar, 14.7 mg Ind) may be similar 

to the amounts observed to be active in this work (50 - 100 µM).  

Moreover the effects of Ind on gene promoter methylation appear more pronounced at 

higher concentrations suggesting increased consumption may enhance its effects. 
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Furthermore, a key issue to decide about real beneficial effects of dietary phytochemicals 

on human health, is their bioavailability, which must be referred not only to the tested 

compounds but also to their metabolic products (Manach et al., 2005) Many effects exhibited 

by plant polyphenols in vitro are frequently diminished or even lost in vivo, due to incomplete 

absorption and first-pass metabolism (Williamson and Manach 2005).  

A number of studies showed that Ind is bioavailable in humans and is not modified during 

absorption (Tesoriere et al., 2004). This is particularly important because it means that any 

effect after Ind treatment can be ascribed only to it without the involvement of any 

metabolites deriving from its metabolism. 

5.5. Influence of Ind on global DNA methylation end specific genes 

methylation in different colorectal cancer cell lines  

In this study Ind altered both global DNA methylation and genes-specific promoter 

methylation in colorectal cancer cell lines. However, marked changes in global DNA 

methylation are reported in those cell lines with a medium level of global DNA methylation 

(around 50%). HCT116 cells have a high level of global methylation which was not affected 

by Ind treatment. This may be explained by a high condensed chromatin structure. It is well 

known that specific histone modifications are associated with DNA hypermethylation. High 

DNA methylation levels are recognized by DNA methyl-binding proteins (MBD) which can 

interact with corepressor-associated enzymes (i.e. HDACs) the latter may, also be directly 

recruited by DNMT1,(Fuks  et al., 2000) suggesting a tight interplay between histone 

deacetylation and DNA methylation, therefore linking DNA methylation and chromatin 

regulation (Perissi et al., 2010). 
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Before most activators of a gene can access their DNA-binding sites, a transition from a 

condensed heterochromatin (solenoid like fiber) to a decondensed euchromatin (beads on a 

string) structure appears to take place. Conversely, the acquisition of a more condensed 

heterochromatin structure is often associated with gene silencing (Chi et al., 2010). This 

structural restriction of silenced chromatin on gene expression can be overcome by chromatin 

cofactor complexes, which remodel nucleosomes along the DNA. Histone modifying 

complexes have to be recruited to relevant genomic locations by DNA-binding proteins, 

RNAs or protein-RNA complexes that bind to their specific DNA sites as a consequence of 

their own binding specificities (Gupta et al., 2010) It cannot come from the enzymatic 

activities per se as neither DNMTs, nor enzymes which modify histones, know which part of 

the genome needs to be tagged; (Hervouet et al., 2009). In light of complex chromatin 

regulation, that need specific DNA binding protein to be accessible; depending on the 

mechanism adopted by Ind inducing epigenetic modification, it appears difficult for this 

phytochemical to induce alterations in DNA methylation in highly condensed chromatin 

structures. 

Various nutritional natural compounds (including epigallocatechingallate(EGCG), 

resveratrol, genistein, curcumin, isothiocyanates) were found to interfere with the enzymatic 

activity of DNMT, HDAC and HAT. DNMT inhibitors work mainly through one of the 

following mechanisms: non-covalent blocking of DNMT catalytic active site (i.e. EGCG) 

(Lee et al., 2005), covalent trapping of DNMT through incorporation into DNA (i.e. 

nucleoside analogues decitabine, 5-Azacytidine), interruption of binding site of DNMT to 

DNA (i.e. procaine), degradation of DNMT (i.e; decitabine), or suppression of DNMT 

expression (i.e. miRNAs).  

In this study both the inhibitory action of Ind on DNMT (Fig. 27) and its molecular bond 

with DNMT1 were analysed (Fig. 28). This showed that, as for the well-known natural 
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product EGCG which inhibits DNMT activity through a specific binding to DNMT1, Ind also 

induced a reduction of DNMT activity. Furthermore, performing the same analysis carried out 

for molecular EGCG, Ind is able to stably bind DNMT1 at the catalytic site. Therefore it is 

reasonable to suppose that Ind may be defined as a DNMT inhibitor, through non-covalent 

blocking of the DNMT1 catalytic active site. 

5.5.1. Comparison between global methylation and gene specific 

methylation after Ind treatment 

It is well known that global loss of DNA methylation at repetitive genomic sequences 

(DNA hypomethylation) during carcinogenesis has been associated with genomic instability 

and chromosomal aberrations and was first described about 30 years ago (Goelz et al., 1985).  

In contrast increased methylation (DNA hypermethylation) of promoter CpG island (CGI) 

leads to transcriptional silencing of tumour suppressors and other genes with important 

biological functions (Jones et al., 2007, Kopelovich  et al., 2003). 

With respect to Caco2 cells, which showed the higher phenotypic effect of Ind on 

proliferation; an overview of Ind effects on global methylation and on individual genes 

methylation shows that Ind induces an overall increase in methylation in contrast to a 

decrease of promoter genes methylation (Fig. 26) except for DNMT3B gene which change in 

methylation status will be discussed later. This overall Ind effect suggests that the 

phytochemical generally works against the normal arrangement of tumour progression. 
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5.6. Ind influence on genes methylation in different colorectal cancer cell 

lines  

It is known that the regulation of expression of some genes is governed by complex 

chromatin structures: an example may be the SFRP1 gene. It has been shown that treatment of 

colorectal cancer cells with polyamine analogs that inhibit LSD1, an amine oxidase that 

demethylates mono-methylated and di-methylated H3K4 as part of a multiprotein co-

repressor complex leads to re-expression of SFRP1 and to an increase of activating histone 

marks at the promoter of SFRP1. Moreover, proliferation reductions were observed when 

combined treatments were carried together with DNA demethylating agents (Huang et al., 

2009). This suggests that the inefficiency of Ind in inducing methylation alteration in some 

genes can be attributed to the complex chromatin structures of their promoter. It is shown in 

fact that Ind is ineffective in changing DNA methylation on the promoter of SFRP1 and 

HPP1genes that carry a high methylation level, in all cell lines studied. 

Following the theory that Ind may act as a DNMT inhibitor, as explained above, it might 

be reasonable to suppose that it may lead to broad global effect on gene methylation. This 

global effects could be a concern using an epigenetically active molecule. However it has 

been shown that different DNMTs are responsible for targeting DNA methylation to specific 

regions of the genome (Choi et al., 2011), so methylation induced by DNMTs is not an event 

widespread throughout the genome, but it may occur in specific regions by specific DNMTs.  

Then methylation alteration induced by Ind may affect particular genes rather than others. 

In particular with regard to p16
INK4a

 gene in Caco2 cells using two different 

methodologies, demethylation induced by Ind was confirmed; moreover HCT116 cell line 

showed demethylation in that region after Ind treatment. However, p16
INK4a

 in LOVO1 and 

DLD1 cells was not affected in gene methylation. Previously other studies have demonstrated 
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that treatment with EGCG induces demethylation and re-expression of p16
INK4a

 in HCT116 

cells (Fang et al., 2003), these results could not be confirmed in HT29 cells, concluding that 

different cell lines have different sensitivities to EGCG (Chuang et al., 2005). Again in 

analogy to EGCG, Ind effects may be dependent on the cells analysed.  

5.6.1. WNT5A Gene 

WNT pathways play key roles in colonic stem cell maintenance and epithelial cell 

proliferation during normal gut development and tissue homeostasis in adults (Gregorieff and 

Clevers 2005) On the other hand, aberrant WNT signaling is considered one of the most 

correlated factors in over 90% of both benign and malignant colorectal tumors (Giles et al., 

2003). The WNT5A ligand is generally considered an antagonist of WNT pathway. It can act 

through different membrane receptors and participate in both canonical and non-canonical 

WNT pathways (Mikels and Nusse  2006), therefore representing an important target for 

WNT pathway regulation. It has been shown that WNT5A down-regulation is correlated with 

hypermethylation of its promoter in human colon cancer patients (Hibi et al., 2009). Wang 

and Chen reported that WNT5A promoter methylation correlated with lowest expression and 

treatment with genistein increased WNT5A mRNA levels, accompanied by a decrease in 

WNT5A promoter methylation (Wang Z and Chen H 2010). In this work Ind induced a 

significant and consistent demethylation in WNT5A promoter region, with the greatest effect 

in those cell lines which were more sensitive to anti-proliferative effects of Ind. Although 

mRNA expression was not evaluated, it could represent a starting point for further 

investigations on the mechanism of action through which Ind exerts its anti-proliferative 

effect. 
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5.6.2. GATA4 Gene 

GATA factors are a family of transcription regulatory proteins. GATA4 and GATA5 play 

an essential role in the development and differentiation of the gastrointestinal tract and are 

suggested to be involved in colorectal cancer development (Molkentin  2000). GATA4/5 

would be more likely to behave as tumor suppressor genes since increased expression levels 

correlate with terminal differentiation in intestinal epithelium (Hoque et al., 2006) and 

terminal differentiation induced in colorectal cancer cells by sodium butyrate (Molkentin  

2000). Loss of GATA4/5 expression due to promoter hypermethylation has been reported in 

primary colorectal tumours (Akiyama et al., 2003, Fu et al., 2007) and it was demonstrated 

that methylation of GATA4 is an early event in colorectal carcinogenesis (Hellebrekers et al., 

2009). Importantly, GATA proteins are transcriptional activators for a number of proposed 

antitumor genes. Interestingly, in colorectal cancer cells with epigenetic silencing of GATA4, 

a series of downstream GATA target antitumor genes are silenced with associated epigenetic 

silencing marks at their promoters. Both the upstream and the downstream genes are 

simultaneously reactivated by drug and genetic demethylating strategies, suggesting that 

promoter methylation of GATA is an interesting target (Akiyama et al., 2003). Therefore 

demethylation of GATA4 promoter region induced by Ind sheds new perspective in how Ind 

exerts its effects. In fact further and future analysis on the basis of GATA4 demethylation 

induced by Ind, investigating the re-expression of GATA4 and consequently re-expression on 

its downstream targets may promote our understanding of  Ind’s mechanism of action.  
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5.6.3. NOD2 Gene 

Previous data regarding Ind potential anti-inflammatory effects shows that Ind is able to 

modulate inflammatory processes at the intestinal level. In fact it is able to inhibit the release 

of inflammatory mediators like pro-inflammatory cytokines IL-6 and IL-8 and NO and 

prevents the activation of NOX-1 and nuclear factor κB (NF-kB) in Caco2 cells stimulated by 

IL-1b. Similar results were obtained in vivo in carrageenin induced rat pleurisy (Tesoriere et al., 

2013;Allegra et al., 2013) 

In light of these data, this study investigated whether anti-inflammatory effects by Ind 

could be associated with the alteration of methylation of sequences upstream of NOD2 gene, 

which encodes a receptor protein involved in inflammatory signalling. When ligands interact 

with cytoplasmic receptor NOD2 (nucleotide-binding oligomerization domain 2) it triggers 

host defence pathways, including activation of NF-κB signalling, which lead to inflammatory 

immune responses. Deregulation of NOD2 signalling is associated with inflammatory 

diseases, such as Crohn's disease, and Crohn's disease is associated with a higher risk of 

colorectal cancer (Lubiński et al., 2005). 

In this work Ind induced in Caco2 cells a significant demethylation of CG residue 

upstream of the NOD2 gene. It should be highlighted that these residues are not in CpG 

islands; thus it is possible that the effect of Ind in these regions should be similar to the effect 

of Ind on LINE1 methylation. Surprisingly the effects of Ind on NOD2 methylation were 

inversely correlated with the effects on LINE-1 methylation. Ind (10µM) induced 

demethylation of NOD2 but increased the methylation of LINE-1. 

This study highlights for the first time that methylation of LINE1 and methylation of CG 

residues upstream of NOD2 are inversely related; and that they respond in a opposite manner 

to phytochemicals that affect DNA methylation.  
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Onset and progression of inflammatory responses are complex and dynamic processes, 

involving pathophysiological mechanisms with a number of biochemical reactions. 

These studies for the first time give an indication that Ind could modulate the 

inflammatory response by altering epigenetic patterns. However, there is no evidence 

establishing the influence of the CG residues upstream of the NOD2 gene on gene expression. 

Recent studies have reported that Ind affects COX2 and iNOS gene expression and 

prevented NFkB activation, suggesting molecule intervention of inflammatory pathways lead 

to the evolution of the inflammatory response (Allegra et al., 2013). Interestingly it was 

demonstrated that depletion of NFκB can also trigger DNA demethylation and gene 

reactivation, illustrating gene-specific epigenetic effects which may further depend on post-

translational NFκB modifications (Dong et al., 2008). This demonstrates that cancer-

inflammation pathways and transcription factors are able to rewire epigenetic settings and 

amplify gene expression in an autocrine fashion (Liu et al., 2008). 

How Ind carries out its anti- inflammatory functions, through such mechanisms, is not yet 

clear and further studies are warranted. However the indication that Ind treatment leads to 

methylation alteration of upstream sequences of genes involved in inflammatory response 

sheds light to new possible future studies on the effect of Ind in epigenetic modifications that 

occur in other genes involved in the inflammatory response. 
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5.6.4. ESR1 Gene 

ESR1 gene encodes an estrogen receptor, in particular, a ligand-activated transcription 

factor composed of several domains important for hormone binding, DNA binding, and 

activation of transcription. Estrogen and its receptors are essential for sexual development and 

reproductive function but  are also involved in pathological processes including colon cancer. 

ESR1 mediates the biological function of the steroid hormone 17 β-oestradiol, which is a 

critical regulator of growth, differentiation and function in a wide variety of tissues including 

the colonic epithelium. 

ESR1 appears to fulfil all traditional criteria for a tumour suppressor gene. It is expressed 

in normal tissue, molecularly altered in tumours, not expressed in tumour tissue and cell lines, 

and finally, it suppresses growth in colon cancer cell lines (Issa et al., 1994). The putative 

tumour suppressor gene ESR1, contains a CpG island (CGI) in exon 1 which, when 

methylated, leads to gene-silencing. In cultured colon cancer cells, methylation-associated 

loss of expression of ESR1 gene results in deregulated growth (Issa et al., 1994). In addition 

ESR1 gene methylation appears to be an early event in colorectal tumorigenesis. (Issa et al., 

1994). Issa et al., found a partial methylation of ESR1 gene in normal colonic mucosa and a 

complete methylation of this island in several uncultured colonic tumours. Moreover they 

report that ESR CGI methylation arises as a direct function of age in normal colonic mucosa 

(Issa et al., 1994).  

Evidences suggest that individuals may be prone to methylation alterations as a 

consequence of genetic, dietary or environmental exposures (Ricciardiello et al., 2003). 

Furthermore it has been demonstrated that supplementation with dietary folate accelerates 

age-dependent methylation of the ESR1 CGI in mouse colon (Belshaw et al., 2005).  
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Thus this gene may be an excellent target in the study of chemo-preventive 

phytochemicals action. In fact prolonged use of phytochemicals which may alter methylation 

of  ESR1 CGI, could prevent its abnormal methylation. This methylation has been 

demonstrated through a “all or nothing” mechanism which means ESR1 CGI becomes 

methylated in an allele-specific, rather than a random, manner in the human colon and this can 

lead directly to aberrant gene silencing (Belshaw et al., 2005). Therefore cancer-preventive 

abilities of several bioactive food components have been linked to their estrogenic and 

epigenetic activities like folic acid, zebularine, resveratrol, genistein and EGCG that regulate 

ESR1 and other tumour suppressor gene expression by epigenetic processes (Berner et al., 

2010). 

This study demonstrates that Ind altered methylation of ESR1 CGI. This finding raises 

another point in favour of Ind chemo-preventive action. Although further studies on gene 

expression in all cell lines analysed would help to understand the relationship between 

methylation and expression in each cell line, as well as further studies on the activation of the 

mechanisms downstream of ESR1 transcription factor would be interesting to better 

investigate the role of ESR1 in tumorigenesis as well as Ind chemo-preventive action. 

5.7. Ind influences on DNMT expression in colorectal cancer cell lines 

Aberrant expression of DNMTs and their isoforms has been found in many types of 

cancer, and their contribution to aberrant DNA methylation has been proposed. Following this 

hypothesis, the effect of Ind on the expression of DNMT, was investigated. The expression of 

DNMT increased appreciably only in some cell lines with respect to only some DNMT genes 

after Ind treatment. However, previous studies demonstrated that frequent hypermethylation 

of CGI (CpG islands) in human colorectal tumors did not result from a simple transcriptional 
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up-regulation of any DNMT, due to the fact that CGI hypermethylation did not correlate with 

the expression of any DNMT (Eads et al., 1999; Saito et al., 2002; Ehrlich et al., 2006). Thus, 

other factors regulating the activity of the DNMTs, either by interacting with the enzymes 

themselves or by regulating access to the DNA substrate, are important to establish an 

aberrant methylation pattern rather than the mere up-regulation of DNMT levels in the cell.  

This work confirms Eads’s results, in fact ANOVA analysis used to compare DNMT3B 

gene expression to percentage of methylation both of genes and LINE-1, provide no 

correlation between expression and methylation in any of the cell lines analysed.  

In this respect, in this study it was demonstrated that epigenetic effects of Ind are not 

mediated by a direct alteration of DNMT expression, rather by an influence of Ind on their 

activities. 

In this perspective, Ind binding the DNMT and altering their methyltransferase function 

could cause an imbalance of global methylation. Ind could lead, for example, to 

demethylation and re-expression of important transcription factors. Ind, in fact, was able to 

induce a significant demethylation of GATA4, whose demethylation and possible re-

expression, is known to correlate to reactivation of its downstream targets. Although there is 

no evidence linking GATA4 demethylation and expression of DNMT the possibility that Ind 

induces demethylation and re-expression of other transcription factors that downstream 

targets DNMT genes cannot be ruled out. 

Moreover the results from the effect of Ind on the expression of DNMT3B splice variants 

were interesting.  

In recent years, reports have fuelled the hypothesis of a link between DNA structure and 

pre-mRNA processing. The evidence that exons carry elevated nucleosome density, DNA 

methylation of cytosine, and over-representation of certain histone modifications, relative to 
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introns raise the intriguing possibility that epigenetic modifications are maintained on DNA to 

aid the spliceosome in the process of exon definition (Tilgner  et al., 2009). In particular 

several studies have shown that DNA methylation is substantially enriched at exons relative 

to introns (Luco et al., 2011) and this may guide splicing decisions. Indeed DNA methylation 

at exons may inhibit binding of proteins influencing pol II elongation dynamics (Shukla et al., 

2011). Thus there is a correlation between epigenetic modifications and alternative splicing of 

pre-mRNA, indeed altered DNA methylation patterns can lead to alternative pre-mRNA 

splicing. 

Here Ind treatment resulted in increased expression (probably indirectly) of some 

DNMT3B splice variants, raising the possibility that an imbalance in DNA methylation would 

lead to the altered expression of DNMT3B splice variants. 

Although the mechanism by which the different DNMT3B isoforms act is not completely 

understood and remain largely unknown, their association with change in DNA methylation 

patterns is intriguing given that most of them are catalytically inactive (Ostler et al., 2007). 

Some of these variants were reported to be overexpressed in various cancers and to be 

associated with global changes in DNA methylation (Xie  et al., 1999). ΔDNMT3B5 is 

upregulated in liver and skin cancer cell lines and its overexpression in HCT116 cells results 

in loss of DNA methylation at centromeric and pericentromeric repetitive elements 

(Gopalakrishnan et al., 2009). 

Wang et al., demonstrated that DNMT3B subfamily, ΔDNMT3B, are involved in 

regulation of the specific de novo DNA methylation of some promoters rather than others 

(Wang et al., 2007).  

Recent studies have shown that inactive DNMT3B isoforms (DNMT3B3 and 

DNMT3B4) can form complexes with, and modulate the activity of catalytically competent 
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DNMT3B or DNMT3A isoforms. However complex formation leads to a strong reduction in 

DNA binding and DNMT activity, causing a dominant-negative inhibition (Gordon et al., 

2013). Saito et al., instead proposed the hypothesis that inactive DNMT3B4 might function by 

outcompeting active DNMT3B isoforms for targeting to DNA regions, resulting in DNA 

hypomethylation (Saito et al., 2002). 

In addition to affecting intrinsic catalytic properties, it is possible that DNMT3B variants 

also modulate de novo DNA methylation indirectly through effects on chromatin 

condensation and modification. Some data  suggest that expression of DNMT3B2 or 

DNMT3B3, but not DNMT3B4, drive chromatin condensation (Gordon et al., 2013). 

Overexpression of DNMT3B7, a major splice variant found in numerous tumour types, 

triggers both global and local changes in DNA methylation patterns as well as chromosomal 

rearrangements (Ostler et al., 2007). At last over expression of DNMT3B7 in neuroblastoma 

cells leads to growth inhibition, increase in global DNA methylation and induce a less 

aggressive clinical phenotype (Ostler et al.,  2012). 

In light of this alteration of expression of some DNMT splice variants induced by Ind 

(supposed indirectly), may leads further to an imbalance in the genome DNA methylation 

pattern. 

However, an association between expression level of DNMT3B and the promoter 

methylation status of some genes has not been established (Sato et al., 2002). On the contrary, 

several studies have shown that there is no correlation between increased DNMT expression 

and DNA methylation levels (Eads et al., 1999 Saito et al., 2002; Ehrlich et al., 2006). This 

study points out the effect of Ind on alteration in DNA methylation pattern; bringing out the 

complex mechanism underlying regulation of DNA methylation at some genes.  
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5.8. Ind influence on demethylase expression in colorectal cancer cell 

lines 

It is widely accepted that active demethylation does take place in the genome. There are 

several studies suggesting different mechanisms through which demethylation at 5-

methylcytosine (5mc) may occur. One of them is called “passive demethylation”, it does not 

involve any active enzymatic processes that alter the base itself; it is pertinent to describing 

the replication dependent loss of 5mC. Other “active demethylation” mechanisms involving 

TET protein and a number of DNA modifying enzymes like DNA cytosine deaminases that 

can introduce genomic mismatches, DNA glycosylases that can excise bases (MBD4), other 

DNA repair factors (GADD45) and even DNMTs themselves have been suggested to be 

involved in DNA demethylation. 

Down regulation of TET expression has been observed in human breast, liver, lung, 

pancreatic and prostate cancers (Yang et al., 2013). TET mutations are consistently associated 

with a decrease in 5hmC (important intermediate in demethylation process), which has been 

suggested as a potential diagnostic biomarker (Ko et al., 2010) TET2 mutations have been 

demonstrated to be frequent lesions in myeloid lineage malignancies (Delhommeau et al., 

2009). 

In this study, Ind induced an increased expression of some enzymes with demethylating 

activity (TET2, MBD4) relatively only in some cell lines.  

Although there are no data in the literature attesting an association between expression of 

demethylase enzymes and reduced genome methylation, in this study, the regression analysis, 

based on data of global methylation and demethylase gene expression, showed that there is no 

correlation between global methylation and expression of demethylase enzymes.  
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6. CONCLUSION 

 

From this work it appears that the phytochemical Indicaxanthin certainly induces different 

effects (both epigenetic and biochemical) on colorectal cancer cell lines tested. However Ind 

does not act according to a simple and clear linear mechanism, rather it acts through a 

complex mechanism that involves both epigenetic alterations and alterations in gene 

expression of specific proteins. It is not easy to correlate epigenetic alterations induced by Ind 

to the phenotype found after Ind treatment i.e. reduction of proliferation, apoptosis and cell 

cycle arrest, through a well-defined mechanism. The involvement of other molecules that, 

induced by, or in concert with Ind, lead to the phenotype observed cannot be ruled out. 

The effects brought by Ind, are often variable depending on the cell line used, such 

phenomenon can be attributed to the cell lines themselves; since, they are often maintained in 

culture for prolonged periods, presumably accrue genetic alterations and undergo genetic drift 

over time, resulting from the genomic instability inherent in cancer. Moreover, cell lines are 

subject to the artificial pressures imposed by growth under non physiological conditions. A 

study on the effects of Ind directly on patients with cancer, with respect to healthy subjects 

(for instance in a dietary intervention trial), could definitely clarify not only Ind chemo-

preventive activity under physiological conditions, but may also rule out all discrepancies in 

the results observed in this study between different cell lines. 

In assessing the effects induced by Ind, a parameter to be considered is the short period of 

time within which epigenetic effects are detected. Indeed many epigenetic changes require a 

period of "latency" that is longer than 48h. In this perspective long-lasting treatments (with a 

continuous administration of Ind) could lead to highlight further epigenetic changes that are 

not detectable within 48h (more marked changes in the same genes considered in this study or 
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in other genes); and/or even these modifications could induce further other alterations in gene 

expression. 

Moreover Ind effects should be reviewed in light of the effects induced by 5-Azacytidine 

(Aza), considered as a positive control in this work. 

Aza is a cytidine nucleoside analogue that becomes incorporated into newly synthesized 

DNA, where it binds DNA methyltransferases (DNMTs) in an irreversible, covalent manner 

(Santi  et al., 1984). The sequestration of DNMTs prevents maintenance of DNA methylation 

state, leading to DNA hypomethylation (Haaf  et al., 1995). Aza is now recognized as a 

demethylating agent, and its clinical activities are now established against acute myeloid 

leukemia. 

Despite its proven demethylating ability, in this study, treatment with Aza, does not result 

always in an increased gene expression, and above all it does not lead to the same effects 

among the different cell lines analysed. 

Nguyen et al., demonstrated that while Aza caused DNA hypomethylation, distinct action 

are established on gene expression (Nguyen et al., 2010). This suggests that in the complex 

mechanism of gene expression regulation there is not always a simple association: 

demethylation leads to increased expression. It is possible, for instance, that demethylation 

could lead to the expression of a negative regulator (or repressor), which eventually leads to a 

reduction of the expression of downstream genes. Thus as well as a demethylating agent 

(Aza) may lead eventually to a wide and diverse effect on gene expression, it is reasonable to 

suppose that Ind, albeit through a different mechanism of action, also leads to a variable 

response in gene expression. 
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In conclusion, this study highlights an Ind action against colorectal cancer cells. Although 

these effects may be ascribed more to chemo-preventive action of the phytochemical rather 

than a therapeutic activity. 

In this respect, “Let food be your epigenetic medicine” could represent a novel 

interpretation of what Hippocrates said already 25 centuries ago, as food is now known as a 

conditioning environment in the prevention against cancer.  
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LIST OF ABBREVIATION 

5caC  5-carboxylcytosine 

5fC  5-formylcytosine 

5hmC  5-hydroxymethycytosine 

5mC  5-methycytosine 

AM   Active Modification 

APC  Adenomatous Polyposis Coli 

AR  Active Restoration 

Arg  Arginine 

Asn   Asparagine 

Aza  5-Aza-2’deoxycytidine 

BA   Betalamic Acid 

CCSC  Colorectal Cancer Stem Cell 

CDK  Cyclin-Dependent Kinase 

CGI  CpG Island 

CKI  Cyclin-dependent Kinase Inhibitors 

COBRA  Combined Bisulphite Restricion Analysis 

CRC  Colorectal Cancer 

Cys  Cysteine 

DCFDA  Dichlorodihydrofluorescein diacetate 

DDD  Double Digested DNA 

DiOC6(3)  3,3’-dihexyloxacarbocyanine iodide 

DMSO  Dimethyl sulfoxide  

DNMT  DNA cytosine methyltransferase 

E2F   Elongation 2 Factor  

EGCG  Epigallocatechin-3-gallate 

FAP  Familial adenomatus polyposis 

Gln  Glutamine 

Glu  Glutamic Acid 



 

 
123 

Gly  Glycine 

GSPE  Grape Seed Proanthocyanidin Extract  

HAT  Histone acetiylase 

HDAC  Histone deacetylase 

HDMT  Histone- demethylases  

IFD  Induced Fit Docking 

IL-4  Interleukin 4 

Ind  Indicaxanthin 

LINE-1  Long Interpersed Nucleotide Elements- 1 

MeSAP-PCR Methylation-Sensitive Arbitrarily-Primed Polymerase Chain Reaction 

MSRE-PCR Methylation-Sensitive Restriction Endonucleases Multiplex-Polymerase 

Chain Reaction 

NF-kB  Nuclear factor kappa-light-chain-enhancer of activated B cells 

NO  Nitric Oxide 

PD   Passive Diluition 

PI   Propidium Iodide 

PI3K  Phosphatidylinositol 3-Kinase 

PIK3CA  Phosphoinositide (PI) 3-Kinase 

pRB  Retinoblastoma protein  

Pro  Proline 

ROS  Reactive oxigen species 

SDD  Single Digested DNA 

TDG  Thymine DNA Glycosylase 

Thr  Threonine 

 

  

http://en.wikipedia.org/wiki/Interleukin_4


 

 
124 

REFERENCES 

 Akiyama Y, Watkins N, Suzuki H, Jair KW, van Engeland M, Esteller M, Sakai H, Ren CY, Yuasa Y, 

Herman JG, Baylin SB. GATA-4 and GATA-5 transcription factor genes and potential downstream 

antitumor target genes are epigenetically silenced in colorectal and gastric cancer. Mol Cell Biol. 

2003;23(23):8429-39. 

 Allegra M, Ianaro A, Tersigni M, Panza E, Tesoriere L, Livrea MA. Indicaxanthin from Cactus Pear Fruit 

exerts anti-inflammatory 1 effects in carrageenin induced rat pleurisy. The Journal of Nutrition. 2013; 2-

183657. 

 Almerico AM, Tutone M, Lauria A. In-silico screening of new potential Bcl-2/Bcl-xl inhibitors as apoptosis 

modulators. J Mol Model. 2009;15(4):349-55. 

 Almerico AM, Tutone M, Pantano L, Lauria A. Molecular dynamics studies on Mdm2 complexes: an 

analysis of the inhibitor influence. Biochem Biophys Res Commun. 2012;424(2):341-7. 

 Amin AR, Kucuk O, Khuri FR, Shin DM. Perspectives for cancer prevention with natural compounds. J 

Clin Oncol. 2009;27(16):2712-25. 

 Anand P, Kunnumakkara AB, Sundaram C, Harikumar KB, Tharakan ST, Lai OS, Sung B, Aggarwal BB. 

Cancer is a preventable disease that requires major lifestyle changes. Pharm Res. 2008;25(9):2097-116. 

 Aoki A, Suetake I, Miyagawa J, Fujio T, Chijiwa T, Sasaki H, Tajima S. Enzymatic properties of de novo-

type mouse DNA (cytosine-5) methyltransferases. Nucleic Acids Res. 2001;29(17):3506-12. 

 Arasaradnam RP, Commane DM, Bradburn D, Mathers JC. A review of dietary factors and its influence on 

DNA methylation in colorectal carcinogenesis. Epigenetics. 2008;3(4):193-8. 

 Balmanno K, Chell SD, Gillings AS, Hayat S, Cook SJ. Intrinsic resistance to the MEK1/2 inhibitor 

AZD6244 (ARRY-142886) is associated with weak ERK1/2 signalling and/or strong PI3K signalling in 

colorectal cancer cell lines. Int J Cancer. 2009;125(10):2332-41. 

 Barford D. The role of cysteine residues as redox-sensitive regulatory switches. Curr Opin Struct Biol. 

2004;14(6):679-86. 

 Barker N, Ridgway RA, van Es JH, van de Wetering M, Begthel H, van den Born M, Danenberg E, Clarke 

AR, Sansom OJ, Clevers H. Crypt stem cells as the cells-of-origin of intestinal cancer. Nature. 

2009;457(7229):608-11. 

 Barreto G, Schäfer A, Marhold J, Stach D, Swaminathan SK, Handa V, Döderlein G, Maltry N, Wu W, 

Lyko F, Niehrs C. Gadd45a promotes epigenetic gene activation by repair-mediated DNA demethylation. 

Nature. 2007;445(7128):671-5. 

 Bartkova J, Rezaei N, Liontos M, Karakaidos P, Kletsas D, Issaeva N, Vassiliou LV, Kolettas E, Niforou K, 

Zoumpourlis VC, Takaoka M, Nakagawa H, Tort F, Fugger K, Johansson F, Sehested M, Andersen CL, 

Dyrskjot L, Ørntoft T, Lukas J, Kittas C, Helleday T, Halazonetis TD, Bartek J, Gorgoulis VG. Oncogene-

induced senescence is part of the tumorigenesis barrier imposed by DNA damage checkpoints. Nature. 

2006;444(7119):633-7. 

 Baylin SB, Esteller M, Rountree MR, Bachman KE, Schuebel K, Herman JG. Aberrant patterns of DNA 

methylation, chromatin formation and gene expression in cancer. Hum Mol Genet. 2001;10(7):687-92. 

 Belshaw NJ, Elliott GO, Williams EA, Mathers JC, Buckley L, Bahari B, Johnson IT. Methylation of the 

ESR1 CpG island in the colorectal mucosa is an 'all or nothing' process in healthy human colon, and is 

accelerated by dietary folate supplementation in the mouse. Biochem Soc Trans. 2005;33(Pt 4):709-11. 

 Bemis DL, Katz AE, Buttyan R. Clinical trials of natural products as chemopreventive agents for prostate 

cancer. Expert Opin Investig Drugs. 2006;15(10):1191-200. 

 Berdasco M, Esteller M. Aberrant epigenetic landscape in cancer: how cellular identity goes awry. Dev 

Cell. 2010;19(5):698-711. 

 Berendsen HJC, Postma JPM, van Gunsteren WF, Di Nola A, Haak JR. Molecular dynamics with coupling 

to an external bath. J Chem Phys. 1984; 81:3684-90. 

 Bergmann A, Lane ME. HIDden targets of microRNAs for growth control. Trends Biochem Sci. 

2003;28(9):461-3. 



 

 
125 

 Berner C, Aumüller E, Gnauck A, Nestelberger M, Just A, Haslberger AG. Epigenetic control of estrogen 

receptor expression and tumor suppressor genes is modulated by bioactive food compounds. Ann Nutr 

Metab. 2010;57(3-4):183-9. 

 Bestor TH. Activation of mammalian DNA methyltransferase by cleavage of a Zn binding regulatory 

domain. EMBO J. 1992;11(7):2611-7. 

 Bestor TH. The host defence function of genomic methylation patterns. Novartis Found Symp. 

1998;214:187-95; discussion 195-9, 228-32. 

 Biniszkiewicz D, Gribnau J, Ramsahoye B, Gaudet F, Eggan K, Humpherys D, Mastrangelo MA, Jun Z, 

Walter J, Jaenisch R. Dnmt1 overexpression causes genomic hypermethylation, loss of imprinting, and 

embryonic lethality. Mol Cell Biol. 2002;22(7):2124-35. 

 Bird A. DNA methylation patterns and epigenetic memory. Genes Dev. 2002;16(1):6-21. 

 Bird AP. CpG-rich islands and the function of DNA methylation. Nature. 1986;321(6067):209-13. 

 Brait M, Sidransky D. Cancer epigenetics: above and beyond. Toxicol Mech Methods. 2011 

May;21(4):275-88. 

 Butera D, Tesoriere L, Di Gaudio F, Bongiorno A, Allegra M, Pintaudi AM, Kohen R, Livrea MA. 

Antioxidant activities of sicilian prickly pear (Opuntia ficus indica) fruit extracts and reducing properties of 

its betalains: betanin and indicaxanthin. J Agric Food Chem. 2002;50(23):6895-901. 

 Calin GA, Croce CM. MicroRNA signatures in human cancers. Nat Rev Cancer. 2006;6(11):857-66. 

 Caradonna F, Barbata G, Sciandrello G. Genomewide hypomethylation and PTHrP gene hypermethylation 

as a model for the prediction of cancer risk in rheumatoid arthritis. C. Luparello (Ed.), Novel aspects of 

PTHrP physiopathology, Nova Sci. Publ. 2007;305-19. 

 Center MM, Jemal A, Smith RA, Ward E. Worldwide variations in colorectal cancer. CA Cancer J Clin. 

2009;59(6):366-78. 

 Chen CC, Wang KY, Shen CK. DNA 5-methylcytosine demethylation activities of the mammalian DNA 

methyltransferases. J Biol Chem. 2013;288(13):9084-91. 

 Chen T, Li E. Structure and function of eukaryotic DNA methyltransferases. Curr Top Dev Biol. 

2004;60:55-89. 

 Chen T, Tsujimoto N, Li E. The PWWP domain of Dnmt3a and Dnmt3b is required for directing DNA 

methylation to the major satellite repeats at pericentric heterochromatin. Mol Cell Biol. 2004;24(20):9048-

58. 

 Cheng X. Structure and function of DNA methyltransferases. Annu Rev Biophys Biomol Struct. 

1995;24:293-318. 

 Chi P, Allis CD, Wang GG. Covalent histone modifications--miswritten, misinterpreted and mis-erased in 

human cancers. Nat Rev Cancer. 2010;10(7):457-69. 

 Chien WW, Domenech C, Catallo R, Salles G, Ffrench M. S-phase lengthening induced by p16(INK4a) 

overexpression in malignant cells with wild-type pRb and p53. Cell Cycle. 2010;9(16):3286-96. 

 Chin L, Tam A, Pomerantz J, Wong M, Holash J, Bardeesy N, Shen Q, O'Hagan R, Pantginis J, Zhou H, 

Horner JW 2nd, Cordon-Cardo C, Yancopoulos GD, DePinho RA. Essential role for oncogenic Ras in 

tumour maintenance. Nature. 1999;400(6743):468-72. 

 Choi KC, Jung MG, Lee YH, Yoon JC, Kwon SH, Kang HB, Kim MJ, Cha JH, Kim YJ, Jun WJ, Lee JM, 

Yoon HG. Epigallocatechin-3-gallate, a histone acetyltransferase inhibitor, inhibits EBV-induced B 

lymphocyte transformation via suppression of RelA acetylation. Cancer Res. 2009 Jan 15;69(2):583-92. 

 Choi SH, Heo K, Byun HM, An W, Lu W, Yang AS. Identification of preferential target sites for human 

DNA methyltransferases. Nucleic Acids Res. 2011;39(1):104-18. 

 Choudhuri S. From Waddington's epigenetic landscape to small noncoding RNA: some important 

milestones in the history of epigenetics research. Toxicol Mech Methods. 2011;21(4):252-74. 

 Chuang JC, Yoo CB, Kwan JM, Li TW, Liang G, Yang AS, Jones PA. Comparison of biological effects of 

non-nucleoside DNA methylation inhibitors versus 5-aza-2'-deoxycytidine. Mol Cancer Ther. 

2005;4(10):1515-20. 



 

 
126 

 Chuang LS, Ian HI, Koh TW, Ng HH, Xu G, Li BF. Human DNA-(cytosine-5) methyltransferase-PCNA 

complex as a target for p21WAF1. Science. 1997;277(5334):1996-2000. 

 Cortázar D, Kunz C, Saito Y, Steinacher R, Schär P. The enigmatic thymine DNA glycosylase. DNA Repair 

(Amst). 2007;6(4):489-504. 

 Cortellino S, Xu J, Sannai M, Moore R, Caretti E, Cigliano A, Le Coz M, Devarajan K, Wessels A, Soprano 

D, Abramowitz LK, Bartolomei MS, Rambow F, Bassi MR, Bruno T, Fanciulli M, Renner C, Klein-Szanto 

AJ, Matsumoto Y, Kobi D, Davidson I, Alberti C, Larue L, Bellacosa A. Thymine DNA glycosylase is 

essential for active DNA demethylation by linked deamination-base excision repair. Cell. 2011;146(1):67-

79.  

 D'Alessandro T, Prasain J, Benton MR, Botting N, Moore R, Darley-Usmar V, Patel R, Barnes S. 

Polyphenols, inflammatory response, and cancer prevention: chlorination of isoflavones by human 

neutrophils. J Nutr. 2003;133(11 Suppl 1):3773S-3777S. 

 Das PM, Singal R. DNA methylation and cancer. J Clin Oncol. 2004;22(22):4632-42. 

 Delhommeau F, Dupont S, Della Valle V, James C, Trannoy S, Massé A, Kosmider O, Le Couedic JP, 

Robert F, Alberdi A, Lécluse Y, Plo I, Dreyfus FJ, Marzac C, Casadevall N, Lacombe C, Romana SP, 

Dessen P, Soulier J, Viguié F, Fontenay M, Vainchenker W, Bernard OA. Mutation in TET2 in myeloid 

cancers. N Engl J Med. 2009;360(22):2289-301. 

 Deocaris CC, Widodo N, Wadhwa R, Kaul SC. Merger of ayurveda and tissue culture-based functional 

genomics: inspirations from systems biology. J Transl Med. 2008;6:14. 

 Dong J, Jimi E, Zhong H, Hayden MS, Ghosh S. Repression of gene expression by unphosphorylated NF-

kappaB p65 through epigenetic mechanisms. Genes Dev. 2008;22(9):1159-73. 

 Downward J. Targeting RAS signalling pathways in cancer therapy. Nat Rev Cancer. 2003;3(1):11-22. 

 Druesne-Pecollo N, Latino-Martel P. Modulation of histone acetylation by garlic sulfur compounds. 

Anticancer Agents Med Chem. 2011;11(3):254-9. 

 Duthie SJ. Folate and cancer: how DNA damage, repair and methylation impact on colon carcinogenesis. J 

Inherit Metab Dis. 2011;34(1):101-9. 

 Eads CA, Danenberg KD, Kawakami K, Saltz LB, Danenberg PV, Laird PW. CpG island hypermethylation 

in human colorectal tumors is not associated with DNA methyltransferase overexpression. Cancer Res. 

1999;59(10):2302-6. 

 Eastwood MA. Interaction of dietary antioxidants in vivo: how fruit and vegetables prevent disease? QJM. 

1999;92(9):527-30. 

 Ehrlich M, Woods CB, Yu MC, Dubeau L, Yang F, Campan M, Weisenberger DJ, Long T, Youn B, Fiala 

ES, Laird PW. Quantitative analysis of associations between DNA hypermethylation, hypomethylation, and 

DNMT RNA levels in ovarian tumors. Oncogene. 2006;25(18):2636-45. 

 Engelbrecht AM, Mattheyse M, Ellis B, Loos B, Thomas M, Smith R, Peters S, Smith C, Myburgh K. 

Proanthocyanidin from grape seeds inactivates the PI3-kinase/PKB pathway and induces apoptosis in a 

colon cancer cell line. Cancer Lett. 2007;258(1):144-53. 

 Ernst J, Kellis M. Discovery and characterization of chromatin states for systematic annotation of the 

human genome. Nat Biotechnol. 2010;28(8):817-25. 

 Esteller M. CpG island hypermethylation and tumor suppressor genes: a booming present, a brighter future. 

Oncogene. 2002;21(35):5427-40. 

 Fang M, Chen D, Yang CS. Dietary polyphenols may affect DNA methylation. J Nutr. 2007;137(1 

Suppl):223S-228S. 

 Fang MZ, Chen D, Sun Y, Jin Z, Christman JK, Yang CS. Reversal of hypermethylation and reactivation of 

p16INK4a, RARbeta, and MGMT genes by genistein and other isoflavones from soy. Clin Cancer Res. 

2005;11(19 Pt 1):7033-41. 

 Fang MZ, Wang Y, Ai N, Hou Z, Sun Y, Lu H, Welsh W, Yang CS. Tea polyphenol (-)-epigallocatechin-3-

gallate inhibits DNA methyltransferase and reactivates methylation-silenced genes in cancer cell lines. 

Cancer Res. 2003;63(22):7563-70. 

 Fearnhead NS, Britton MP, Bodmer WF. The ABC of APC. Hum Mol Genet. 2001;10(7):721-33. 



 

 
127 

 Fearon ER, Vogelstein B. A genetic model for colorectal tumorigenesis. Cell.1990;61(5):759-67. 

 Feinberg AP, Tycko B. The history of cancer epigenetics. Nat Rev Cancer. 2004;4(2):143-53. 

 Forman HJ, Torres M, Fukuto J. Redox signaling. Mol Cell Biochem. 2002;234-235(1-2):49-62. 

 Fu B, Guo M, Wang S, Campagna D, Luo M, Herman JG, Iacobuzio-Donahue CA. Evaluation of GATA-4 

and GATA-5 methylation profiles in human pancreatic cancers indicate promoter methylation patterns 

distinct from other human tumor types. Cancer Biol Ther. 2007;6(10):1546-52. 

 Fuks F, Burgers WA, Brehm A, Hughes-Davies L, Kouzarides T. DNA methyltransferase Dnmt1 associates 

with histone deacetylase activity. Nat Genet. 2000;24(1):88-91. 

 Fuks F, Burgers WA, Godin N, Kasai M, Kouzarides T. Dnmt3a binds deacetylases and is recruited by a 

sequence-specific repressor to silence transcription. EMBO J. 2001;20(10):2536-44. 

 Galiatsatos P, Foulkes WD. Familial adenomatous polyposis. Am J Gastroenterol. 2006;101(2):385-98. 

 Gao Z, Xu Z, Hung MS, Lin YC, Wang T, Gong M, Zhi X, Jablon DM, You L. Promoter demethylation of 

WIF-1 by epigallocatechin-3-gallate in lung cancer cells. Anticancer Res. 2009;29(6):2025-30. 

 Giles RH, van Es JH, Clevers H. Caught up in a Wnt storm: Wnt signaling in cancer. Biochim Biophys 

Acta. 2003;1653(1):1-24. 

 Glide, v.5.5. Schrödinger LLC, New York, 2009 

 GLOBOCAN Colorectal Cancer Data. (2008). Available at: http://globocan.iarc.fr/factsheets/ 

cancers/colorectal.asp [accessed January 15, 2012]. 

 Goelz SE, Vogelstein B, Hamilton SR, Feinberg AP. Hypomethylation of DNA from benign and malignant 

human colon neoplasms. Science. 1985;228(4696):187-90. 

 Gomes CA, da Cruz TG, Andrade JL, Milhazes N, Borges F, Marques MP. Anticancer activity of phenolic 

acids of natural or synthetic origin: a structure-activity study. J Med Chem. 2003;46(25):5395-401. 

 Gopalakrishnan S, Van Emburgh BO, Shan J, Su Z, Fields CR, Vieweg J, Hamazaki T, Schwartz PH, 

Terada N, Robertson KD. A novel DNMT3B splice variant expressed in tumor and pluripotent cells 

modulates genomic DNA methylation patterns and displays altered DNA binding. Mol Cancer Res. 

2009;7(10):1622-34. 

 Gordon CA, Hartono SR, Chédin F. Inactive DNMT3B splice variants modulate de novo DNA methylation. 

PLoS One. 2013;8(7):e69486. 

 Gorgoulis VG, Vassiliou LV, Karakaidos P, Zacharatos P, Kotsinas A, Liloglou T, Venere M, Ditullio RA 

Jr, Kastrinakis NG, Levy B, Kletsas D, Yoneta A, Herlyn M, Kittas C, Halazonetis TD. Activation of the 

DNA damage checkpoint and genomic instability in human precancerous lesions. Nature. 

2005;434(7035):907-13. 

 Grandjean V, Yaman R, Cuzin F, Rassoulzadegan M. Inheritance of an epigenetic mark: the CpG DNA 

methyltransferase 1 is required for de novo establishment of a complex pattern of non-CpG methylation. 

PLoS One. 2007;2(11):e1136. 

 Gregorieff A, Clevers H. Wnt signaling in the intestinal epithelium: from endoderm to cancer. Genes Dev. 

2005;19(8):877-90. 

 Gruenbaum Y, Naveh-Many T, Cedar H, Razin A. Sequence specificity of methylation in higher plant DNA. 

Nature. 1981;292(5826):860-2. 

 Gupta RA, Shah N, Wang KC, Kim J, Horlings HM, Wong DJ, Tsai MC, Hung T, Argani P, Rinn JL, Wang 

Y, Brzoska P, Kong B, Li R, West RB, van de Vijver MJ, Sukumar S, Chang HY. Long non-coding RNA 

HOTAIR reprograms chromatin state to promote cancer metastasis. Nature. 2010;464(7291):1071-6. 

 Gusman J, Malonne H, Atassi G. A reappraisal of the potential chemopreventive and chemotherapeutic 

properties of resveratrol. Carcinogenesis. 2001;22(8):1111-7. 

 Haaf T. The effects of 5-azacytidine and 5-azadeoxycytidine on chromosome structure and function: 

implications for methylation-associated cellular processes. Pharmacol Ther. 1995;65(1):19-46. 

 Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011;144(5):646-74.  

 Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 2000;100(1):57-70. 

 Harvey AL. Natural products in drug discovery. Drug Discov Today. 2008;13(19-20):894-901. 



 

 
128 

 Hellebrekers DM, Lentjes MH, van den Bosch SM, Melotte V, Wouters KA, Daenen KL, Smits KM, 

Akiyama Y, Yuasa Y, Sanduleanu S, Khalid-de Bakker CA, Jonkers D, Weijenberg MP, Louwagie J, van 

Criekinge W, Carvalho B, Meijer GA, Baylin SB, Herman JG, de Bruïne AP, van Engeland M. GATA4 and 

GATA5 are potential tumor suppressors and biomarkers in colorectal cancer. Clin Cancer Res. 

2009;15(12):3990-7. 

 Herceg Z. Epigenetics and cancer: towards an evaluation of the impact of environmental and dietary 

factors. Mutagenesis. 2007;22(2):91-103. 

 Herman JG, Merlo A, Mao L, Lapidus RG, Issa JP, Davidson NE, Sidransky D, Baylin SB. Inactivation of 

the CDKN2/p16/MTS1 gene is frequently associated with aberrant DNA methylation in all common human 

cancers. Cancer Res. 1995;55(20):4525-30. 

 Hermann A, Gowher H, Jeltsch A. Biochemistry and biology of mammalian DNA methyltransferases. Cell 

Mol Life Sci. 2004;61(19-20):2571-87. 

 Hervouet E, Vallette FM, Cartron PF. Dnmt3/transcription factor interactions as crucial players in targeted 

DNA methylation. Epigenetics. 2009;4(7):487-99. 

 Hibi K, Mizukami H, Goto T, Kitamura Y, Sakata M, Saito M, Ishibashi K, Kigawa G, Nemoto H, Sanada 

Y. WNT5A gene is aberrantly methylated from the early stages of colorectal cancers. 

Hepatogastroenterology. 2009;56(93):1007-9. 

 Hilgendorf KI, Leshchiner ES, Nedelcu S, Maynard MA, Calo E, Ianari A, Walensky LD, Lees JA. The 

retinoblastoma protein induces apoptosis directly at the mitochondria. Genes Dev. 2013;27(9):1003-15. 

 Hollander MC, Blumenthal GM, Dennis PA. PTEN loss in the continuum of common cancers, rare 

syndromes and mouse models. Nat Rev Cancer. 2011;11(4):289-301. 

 Hoque MO, Begum S, Topaloglu O, Chatterjee A, Rosenbaum E, Van Criekinge W, Westra WH, 

Schoenberg M, Zahurak M, Goodman SN, Sidransky D. Quantitation of promoter methylation of multiple 

genes in urine DNA and bladder cancer detection. J Natl Cancer Inst. 2006;98(14):996-1004. 

 Huang Y, Stewart TM, Wu Y, Baylin SB, Marton LJ, Perkins B, Jones RJ, Woster PM, Casero RA Jr. Novel 

oligoamine analogues inhibit lysine-specific demethylase 1 and induce reexpression of epigenetically 

silenced genes. Clin Cancer Res. 2009;15(23):7217-28. 

 Iacopetta B, Grieu F, Phillips M, Ruszkiewicz A, Moore J, Minamoto T, Kawakami K. Methylation levels of 

LINE-1 repeats and CpG island loci are inversely related in normal colonic mucosa. Cancer Sci. 

2007;98(9):1454-60. 

 Iorio MV, Piovan C, Croce CM. Interplay between microRNAs and the epigenetic machinery: an intricate 

network. Biochim Biophys Acta. 2010;1799(10-12):694-701. 

 Issa JP, Ottaviano YL, Celano P, Hamilton SR, Davidson NE, Baylin SB. Methylation of the oestrogen 

receptor CpG island links ageing and neoplasia in human colon. Nat Genet. 1994;7(4):536-40. 

 Ito S, Shen L, Dai Q, Wu SC, Collins LB, Swenberg JA, He C, Zhang Y. Tet proteins can convert 5-

methylcytosine to 5-formylcytosine and 5-carboxylcytosine. Science. 2011;333(6047):1300-3. 

 Jaenisch R, Bird A. Epigenetic regulation of gene expression: how the genome integrates intrinsic and 

environmental signals. Nat Genet. 2003;33 Suppl:245-54. 

 Jeltsch A. On the enzymatic properties of Dnmt1: specificity, processivity, mechanism of linear diffusion 

and allosteric regulation of the enzyme. Epigenetics. 2006;1(2):63-6. 

 Jenkins TG, Carrell DT. Dynamic alterations in the paternal epigenetic landscape following fertilization. 

Front Genet. 2012;3:143. 

 Jiang MC, Yang-Yen HF, Yen JJ, Lin JK. Curcumin induces apoptosis in immortalized NIH 3T3 and 

malignant cancer cell lines. Nutr Cancer. 1996;26(1):111-20. 

 Jones PA, Baylin SB. The epigenomics of cancer. Cell. 2007;128(4):683-92. 

 Kangaspeska S, Stride B, Métivier R, Polycarpou-Schwarz M, Ibberson D, Carmouche RP, Benes V, 

Gannon F, Reid G. Transient cyclical methylation of promoter DNA. Nature. 2008;452(7183):112-5. 

 Kanner J, Harel S, Granit R. Betalains--a new class of dietary cationized antioxidants. J Agric Food Chem. 

2001;49(11):5178-85. 



 

 
129 

 Kapadia GJ, Azuine MA, Sridhar R, Okuda Y, Tsuruta A, Ichiishi E, Mukainake T, Takasaki M, Konoshima 

T, Nishino H, Tokuda H. Chemoprevention of DMBA-induced UV-B promoted, NOR-1-induced TPA 

promoted skin carcinogenesis, and DEN-induced phenobarbital promoted liver tumors in mice by extract of 

beetroot. Pharmacol Res. 2003;47(2):141-8. 

 Kataoka M, Wiehle S, Spitz F, Schumacher G, Roth JA, Cristiano RJ. Down-regulation of bcl-2 is 

associated with p16INK4-mediated apoptosis in non-small cell lung cancer cells. Oncogene. 

2000;19(12):1589-95. 

 Kazazian HH Jr, Goodier JL. LINE drive. retrotransposition and genome instability. Cell. 2002;110(3):277-

80. 

 Kelloff GJ, Crowell JA, Steele VE, Lubet RA, Malone WA, Boone CW, Kopelovich L, Hawk ET, 

Lieberman R, Lawrence JA, Ali I, Viner JL, Sigman CC. Progress in cancer chemoprevention: development 

of diet-derived chemopreventive agents. J Nutr. 2000;130(2S Suppl):467S-471S. 

 Kim YI. Nutritional epigenetics: impact of folate deficiency on DNA methylation and colon cancer 

susceptibility. J Nutr. 2005;135(11):2703-9. 

 Kinzler KW, Vogelstein B. Cancer-susceptibility genes. Gatekeepers and caretakers. Nature. 

1997;386(6627):761, 763. 

 Klaus A, Birchmeier W. Wnt signalling and its impact on development and cancer. Nat Rev Cancer. 

2008;8(5):387-98. 

 Knishinsky R. Prickly pear cactus medicine. Healing Arts Press, Rochester, Vermont. 1996. 

 Knudsen ES, Knudsen KE. Tailoring to RB: tumour suppressor status and therapeutic response. Nat Rev 

Cancer. 2008;8(9):714-24. 

 Knudsen KE, Weber E, Arden KC, Cavenee WK, Feramisco JR, Knudsen ES. The retinoblastoma tumor 

suppressor inhibits cellular proliferation through two distinct mechanisms: inhibition of cell cycle 

progression and induction of cell death. Oncogene. 1999;18(37):5239-45. 

 Ko M, Huang Y, Jankowska AM, Pape UJ, Tahiliani M, Bandukwala HS, An J, Lamperti ED, Koh KP, 

Ganetzky R, Liu XS, Aravind L, Agarwal S, Maciejewski JP, Rao A. Impaired hydroxylation of 5-

methylcytosine in myeloid cancers with mutant TET2. Nature. 2010;468(7325):839-43. 

 Kohli RM, Zhang Y. TET enzymes, TDG and the dynamics of DNA demethylation. Nature. 

2013;502(7472):472-9. 

 Kopelovich L, Crowell JA, Fay JR. The epigenome as a target for cancer chemoprevention. J Natl Cancer 

Inst. 2003;95(23):1747-57. 

 Kouzarides T. Chromatin modifications and their function. Cell. 2007;128(4):693-705. 

 Kuo PL, Chiang LC, Lin CC. Resveratrol- induced apoptosis is mediated by p53-dependent pathway in Hep 

G2 cells. Life Sci. 2002;72(1):23-34. 

 Lamprecht SA, Lipkin M. Chemoprevention of colon cancer by calcium, vitamin D and folate: molecular 

mechanisms. Nat Rev Cancer. 2003;3(8):601-14. 

 Lee WJ, Shim JY, Zhu BT. Mechanisms for the inhibition of DNA methyltransferases by tea catechins and 

bioflavonoids. Mol Pharmacol. 2005;68(4):1018-30. 

 Leonhardt H, Page AW, Weier HU, Bestor TH. A targeting sequence directs DNA methyltransferase to sites 

of DNA replication in mammalian nuclei. Cell. 1992;71(5):865-73. 

 Li JW, Vederas JC. Drug discovery and natural products: end of an era or an endless frontier? Science. 

2009;325(5937):161-5. 

 Li Y, Kong D, Wang Z, Sarkar FH. Regulation of microRNAs by natural agents: an emerging field in 

chemoprevention and chemotherapy research. Pharm Res. 2010;27(6):1027-41. 

 Liang G, Gonzalgo ML, Salem C, Jones PA. Identification of DNA methylation differences during 

tumorigenesis by methylation-sensitive arbitrarily primed polymerase chain reaction. Methods. 

2002;27(2):150-5. 

 Liang YC, Lin-Shiau SY, Chen CF, Lin JK. Inhibition of cyclin-dependent kinases 2 and 4 activities as well 

as induction of Cdk inhibitors p21 and p27 during growth arrest of human breast carcinoma cells by (-)-

epigallocatechin-3-gallate. J Cell Biochem. 1999;75(1):1-12. 



 

 
130 

 Lind GE, Thorstensen L, Løvig T, Meling GI, Hamelin R, Rognum TO, Esteller M, Lothe RA. A CpG 

island hypermethylation profile of primary colorectal carcinomas and colon cancer cell lines. Mol Cancer. 

2004;3:28. 

 Lipkin M, Reddy B, Newmark H, Lamprecht SA. Dietary factors in human colorectal cancer. Annu Rev 

Nutr. 1999;19:545-86. 

 Lister R, Pelizzola M, Dowen RH, Hawkins RD, Hon G, Tonti-Filippini J, Nery JR, Lee L, Ye Z, Ngo QM, 

Edsall L, Antosiewicz-Bourget J, Stewart R, Ruotti V, Millar AH, Thomson JA, Ren B, Ecker JR. Human 

DNA methylomes at base resolution show widespread epigenomic differences. Nature. 2009;462(7271):315-

22. 

 Liu S, Liu Z, Xie Z, Pang J, Yu J, Lehmann E, Huynh L, Vukosavljevic T, Takeki M, Klisovic RB, Baiocchi 

RA, Blum W, Porcu P, Garzon R, Byrd JC, Perrotti D, Caligiuri MA, Chan KK, Wu LC, Marcucci G. 

Bortezomib induces DNA hypomethylation and silenced gene transcription by interfering with Sp1/NF-

kappaB-dependent DNA methyltransferase activity in acute myeloid leukemia. Blood. 2008;111(4):2364-73. 

 Longo A, Librizzi M, Naselli F, Caradonna F, Tobiasch E, Luparello C. PTHrP in differentiating human 

mesenchymal stem cells: transcript isoform expression, promoter methylation, and protein accumulation. 

Biochimie. 2013;95(10):1888-96. 

 Lu X, Wang Y, Zhang Z. Radioprotective activity of betalains from red beets in mice exposed to gamma 

irradiation. Eur J Pharmacol. 2009;615(1-3):223-7. 

 Lu Y, Zhang X, Zhang J. Inhibition of Breast Tumor Cell Growth by Ectopic Expression of p16/INK4A Via 

Combined Effects of Cell Cycle Arrest, Senescence and Apoptotic Induction, and Angiogenesis Inhibition. J 

Cancer. 2012;3:333-44. 

 Lubiński J, Huzarski T, Kurzawski G, Suchy J, Masojć B, Mierzejewski M, Lener M, Domagała W, Chosia 

M, Teodorczyk U, Medrek K, Debniak T, Złowocka E, Gronwald J, Byrski T, Grabowska E, Nej K, 

Szymańska A, Szymańska J, Matyjasik J, Cybulski C, Jakubowska A, Górski B, Narod SA. The 3020insC 

Allele of NOD2 Predisposes to Cancers of Multiple Organs. Hered Cancer Clin Pract. 2005;3(2):59-63. 

 Luco RF, Allo M, Schor IE, Kornblihtt AR, Misteli T. Epigenetics in alternative pre-mRNA splicing. Cell. 

2011;144(1):16-26. 

 Ludlow JW, Glendening CL, Livingston DM, DeCarprio JA. Specific enzymatic dephosphorylation of the 

retinoblastoma protein. Mol Cell Biol. 1993;13(1):367-72. 

 Ludlow JW, Shon J, Pipas JM, Livingston DM, DeCaprio JA. The retinoblastoma susceptibility gene 

product undergoes cell cycle-dependent dephosphorylation and binding to and release from SV40 large T. 

Cell. 1990;60(3):387-96. 

 Maestro 9.0, Schrodinger LLC, New York, NY, 2009 

 Mahé S, Huneau JF, Marteau P, Thuillier F, Tomé D. Gastroileal nitrogen and electrolyte movements after 

bovine milk ingestion in humans. Am J Clin Nutr. 1992;56(2):410-6. 

 Malireddy S, Kotha SR, Secor JD, Gurney TO, Abbott JL, Maulik G, Maddipati KR, Parinandi NL. 

Phytochemical antioxidants modulate mammalian cellular epigenome: implications in health and disease. 

Antioxid Redox Signal. 2012;17(2):327-39. 

 Manach C, Williamson G, Morand C, Scalbert A, Rémésy C. Bioavailability and bioefficacy of polyphenols 

in humans. I. Review of 97 bioavailability studies. Am J Clin Nutr. 2005;81(1 Suppl):230S-242S. 

 Mantovani A, Allavena P, Sica A, Balkwill F. Cancer-related inflammation. Nature. 2008;454(7203):436-

44. 

 Mayer W, Niveleau A, Walter J, Fundele R, Haaf T. Demethylation of the zygotic paternal genome. Nature. 

2000;403(6769):501-2. 

 Mikels AJ, Nusse R. Purified Wnt5a protein activates or inhibits beta-catenin-TCF signaling depending on 

receptor context. PLoS Biol. 2006;4(4):e115. 

 Mizuno S, Chijiwa T, Okamura T, Akashi K, Fukumaki Y, Niho Y, Sasaki H. Expression of DNA 

methyltransferases DNMT1, 3A, and 3B in normal hematopoiesis and in acute and chronic myelogenous 

leukemia. Blood. 2001;97(5):1172-9. 

 Molkentin JD. The zinc finger-containing transcription factors GATA-4, -5, and -6. Ubiquitously expressed 

regulators of tissue-specific gene expression. J Biol Chem. 2000 Dec 15;275(50):38949-52. 



 

 
131 

 Mulero-Navarro S, Esteller M. Chromatin remodeling factor CHD5 is silenced by promoter CpG island 

hypermethylation in human cancer. Epigenetics. 2008;3(4):210-5. 

 Nair S, Li W, Kong AN. Natural dietary anti-cancer chemopreventive compounds: redox-mediated 

differential signaling mechanisms in cytoprotection of normal cells versus cytotoxicity in tumor cells. Acta 

Pharmacol Sin. 2007;28(4):459-72. 

 Nandakumar V, Vaid M, Katiyar SK. (-)-Epigallocatechin-3-gallate reactivates silenced tumor suppressor 

genes, Cip1/p21 and p16INK4a, by reducing DNA methylation and increasing histones acetylation in 

human skin cancer cells. Carcinogenesis. 2011;32(4):537-44. 

 Ndlovu MN, Denis H, Fuks F. Exposing the DNA methylome iceberg. Trends Biochem Sci. 2011;36(7):381-

7. 

 Nguyen AN, Hollenbach PW, Richard N, Luna-Moran A, Brady H, Heise C, MacBeth KJ. Azacitidine and 

decitabine have different mechanisms of action in non-small cell lung cancer cell lines. Lung Cancer: 

Targets and Therapy. 2010;1:119–40. 

 Niehrs C, Schäfer A. Active DNA demethylation by Gadd45 and DNA repair. Trends Cell Biol. 

2012;22(4):220-7. 

 Nolis IK, McKay DJ, Mantouvalou E, Lomvardas S, Merika M, Thanos D. Transcription factors mediate 

long-range enhancer-promoter interactions. Proc Natl Acad Sci U S A. 2009;106(48):20222-7. 

 Okano M, Bell DW, Haber DA, Li E. DNA methyltransferases Dnmt3a and Dnmt3b are essential for de 

novo methylation and mammalian development. Cell. 1999;99(3):247-57. 

 Okano M, Xie S, Li E. Cloning and characterization of a family of novel mammalian DNA (cytosine-5) 

methyltransferases. Nat Genet. 1998;19(3):219-20. 

 Ooi SK, Bestor TH. The colorful history of active DNA demethylation. Cell. 2008;133(7):1145-8. 

 Ostler KR, Davis EM, Payne SL, Gosalia BB, Expósito-Céspedes J, Le Beau MM, Godley LA. Cancer cells 

express aberrant DNMT3B transcripts encoding truncated proteins. Oncogene. 2007;26(38):5553-63. 

 Ostler KR, Yang Q, Looney TJ, Zhang L, Vasanthakumar A, Tian Y, Kocherginsky M, Raimondi SL, 

DeMaio JG, Salwen HR, Gu S, Chlenski A, Naranjo A, Gill A, Peddinti R, Lahn BT, Cohn SL, Godley LA. 

Truncated DNMT3B isoform DNMT3B7 suppresses growth, induces differentiation, and alters DNA 

methylation in human neuroblastoma. Cancer Res. 2012;72(18):4714-23. 

 Paluszczak J, Baer-Dubowska W. Epigenome and cancer: new possibilities of cancer prevention and 

therapy?. Postepy Biochem. 2005;51(3):244-50. 

 Paluszczak J, Krajka-Kuźniak V, Baer-Dubowska W. The effect of dietary polyphenols on the epigenetic 

regulation of gene expression in MCF7 breast cancer cells. Toxicol Lett. 2010;192(2):119-25. 

 Pan MH, Ho CT. Chemopreventive effects of natural dietary compounds on cancer development. Chem Soc 

Rev. 2008;37(11):2558-74. 

 Parasramka MA, Ho E, Williams DE, Dashwood RH. MicroRNAs, diet, and cancer: new mechanistic 

insights on the epigenetic actions of phytochemicals. Mol Carcinog. 2012;51(3):213-30. 

 Perissi V, Jepsen K, Glass CK, Rosenfeld MG. Deconstructing repression: evolving models of co-repressor 

action. Nat Rev Genet. 2010;11(2):109-23. 

 Piattelli M, Minale L, Prota G. Isolation structure and absolute configuration of indicaxanthin. Tetrahedron. 

1964;20:2325-9. 

 Pinto M, Robine-Leon S, Appay MD, Kedinger N, Triadou N, Dussaulx E, Lacroix P, Simon-Assman K, 

Haffen K, Fogh J, Zwiebaum A. Enterocyte like differentiation and polarization of the human colon 

carcinoma cell line Caco-2 in culture. Biol. Cell 1983;47:323–30. 

 Prime v2.1, Schrodinger LLC, New York, NY, 2009 

 Reddy MK, Alexander-Lindo RL, Nair MG. Relative inhibition of lipid peroxidation, cyclooxygenase 

enzymes, and human tumor cell proliferation by natural food colors. J Agric Food Chem. 

2005;53(23):9268-73. 

 Reik W, Dean W. DNA methylation and mammalian epigenetics. Electrophoresis. 2001;22(14):2838-43. 

 Ricciardiello L, Goel A, Mantovani V, Fiorini T, Fossi S, Chang DK, Lunedei V, Pozzato P, Zagari RM, De 

Luca L, Fuccio L, Martinelli GN, Roda E, Boland CR, Bazzoli F. Frequent loss of hMLH1 by promoter 



 

 
132 

hypermethylation leads to microsatellite instability in adenomatous polyps of patients with a single first-

degree member affected by colon cancer. Cancer Res. 2003;63(4):787-92. 

 Robert MF, Morin S, Beaulieu N, Gauthier F, Chute IC, Barsalou A, MacLeod AR. DNMT1 is required to 

maintain CpG methylation and aberrant gene silencing in human cancer cells. Nat Genet. 2003;33(1):61-5. 

 Robertson KD, Uzvolgyi E, Liang G, Talmadge C, Sumegi J, Gonzales FA, Jones PA. The human DNA 

methyltransferases (DNMTs) 1, 3a and 3b: coordinate mRNA expression in normal tissues and 

overexpression in tumors. Nucleic Acids Res. 1999;27(11):2291-8. 

 Rocco JW, Sidransky D. p16(MTS-1/CDKN2/INK4a) in cancer progression. Exp Cell Res. 2001;264(1):42-

55. 

 Rountree MR, Bachman KE, Baylin SB. DNMT1 binds HDAC2 and a new co-repressor, DMAP1, to form a 

complex at replication foci. Nat Genet. 2000;25(3):269-77. 

 Saito Y, Kanai Y, Sakamoto M, Saito H, Ishii H, Hirohashi S. Overexpression of a splice variant of DNA 

methyltransferase 3b, DNMT3b4, associated with DNA hypomethylation on pericentromeric satellite 

regions during human hepatocarcinogenesis. Proc Natl Acad Sci U S A. 2002;99(15):10060-5. 

 Santamaría D, Barrière C, Cerqueira A, Hunt S, Tardy C, Newton K, Cáceres JF, Dubus P, Malumbres M, 

Barbacid M. Cdk1 is sufficient to drive the mammalian cell cycle. Nature. 2007;448(7155):811-5. 

 Santi DV, Norment A, Garrett CE. Covalent bond formation between a DNA-cytosine methyltransferase and 

DNA containing 5-azacytosine. Proc Natl Acad Sci U S A. 1984;81(22):6993-7. 

 Sato M, Horio Y, Sekido Y, Minna JD, Shimokata K, Hasegawa Y. The expression of DNA 

methyltransferases and methyl-CpG-binding proteins is not associated with the methylation status of 

p14(ARF), p16(INK4a) and RASSF1A in human lung cancer cell lines. Oncogene. 2002;21(31):4822-9. 

 Semczuk A, Jakowicki JA. Alterations of pRb1-cyclin D1-cdk4/6-p16(INK4A) pathway in endometrial 

carcinogenesis. Cancer Lett. 2004;203(1):1-12. 

 Serrano M, Gómez-Lahoz E, DePinho RA, Beach D, Bar-Sagi D. Inhibition of ras-induced proliferation 

and cellular transformation by p16INK4. Science. 1995;267(5195):249-52. 

 Sharma SV, Gajowniczek P, Way IP, Lee DY, Jiang J, Yuza Y, Classon M, Haber DA, Settleman J. A 

common signaling cascade may underlie "addiction" to the Src, BCR-ABL, and EGF receptor oncogenes. 

Cancer Cell. 2006 Nov;10(5):425-35. Erratum in: Cancer Cell. 2009;16(5):448. 

 Sherman W, Day T, Jacobson MP, Friesner RA, Farid R. Novel procedure for modeling ligand/receptor 

induced fit effects. J Med Chem. 2006;49(2):534-53. 

 Sherr CJ, Roberts JM. CDK inhibitors: positive and negative regulators of G1-phase progression. Genes 

Dev. 1999;13(12):1501-12. 

 Shirasawa S, Furuse M, Yokoyama N, Sasazuki T. Altered growth of human colon cancer cell lines 

disrupted at activated Ki-ras. Science. 1993;260(5104):85-8. 

 Shirohzu H, Kubota T, Kumazawa A, Sado T, Chijiwa T, Inagaki K, Suetake I, Tajima S, Wakui K, Miki Y, 

Hayashi M, Fukushima Y, Sasaki H. Three novel DNMT3B mutations in Japanese patients with ICF 

syndrome. Am J Med Genet. 2002;112(1):31-7. 

 Shukla S, Kavak E, Gregory M, Imashimizu M, Shutinoski B, Kashlev M, Oberdoerffer P, Sandberg R, 

Oberdoerffer S. CTCF-promoted RNA polymerase II pausing links DNA methylation to splicing. Nature. 

2011;479(7371):74-9. 

 Singh S. From exotic spice to modern drug? Cell. 2007;130(5):765-8. 

 Sokolosky ML, Wargovich MJ. Homeostatic imbalance and colon cancer: the dynamic epigenetic interplay 

of inflammation, environmental toxins, and chemopreventive plant compounds. Front Oncol. 2012;2:57. 

 Solit DB, Garraway LA, Pratilas CA, Sawai A, Getz G, Basso A, Ye Q, Lobo JM, She Y, Osman I, Golub 

TR, Sebolt-Leopold J, Sellers WR, Rosen N. BRAF mutation predicts sensitivity to MEK inhibition. Nature. 

2006;439(7074):358-62. 

 Song CX, Yi C, He C. Mapping recently identified nucleotide variants in the genome and transcriptome. 

Nat Biotechnol. 2012;30(11):1107-16. 

 Sporn MB, Liby KT. Cancer chemoprevention: scientific promise, clinical uncertainty. Nat Clin Pract 

Oncol. 2005;2(10):518-25. 



 

 
133 

 Sporn MB. Perspective: The big C - for Chemoprevention. Nature. 2011;471(7339):S10-1. 

 Sreekanth D, Arunasree MK, Roy KR, Chandramohan Reddy T, Reddy GV, Reddanna P. Betanin a 

betacyanin pigment purified from fruits of Opuntia ficus-indica induces apoptosis in human chronic myeloid 

leukemia Cell line-K562. Phytomedicine. 2007;14(11):739-46. 

 Stafford HA. Anthocyanins and betalains: evolution of the mutually exclusive pathways. Plant Sci. 101, 91–

98 (1994). 

 Stefanska B, Karlic H, Varga F, Fabianowska-Majewska K, Haslberger A. Epigenetic mechanisms in anti-

cancer actions of bioactive food components—the implications in cancer prevention. Br J Pharmacol. 

2012;167(2):279-97. 

 Stefanska B, Rudnicka K, Bednarek A, Fabianowska-Majewska K. Hypomethylation and induction of 

retinoic acid receptor beta 2 by concurrent action of adenosine analogues and natural compounds in breast 

cancer cells. Eur J Pharmacol. 2010;638(1-3):47-53. 

 Stefanska B, Salamé P, Bednarek A, Fabianowska-Majewska K. Comparative effects of retinoic acid, 

vitamin D and resveratrol alone and in combination with adenosine analogues on methylation and 

expression of phosphatase and tensin homologue tumour suppressor gene in breast cancer cells. Br J Nutr. 

2012;107(6):781-90. 

 Stintzing FC, Schieber A, Carle R. Identification of betalains from yellow beet (Beta vulgaris L.) and cactus 

pear [Opuntia ficus-indica (L.) Mill.] by high-performance liquid chromatography-electrospray ionization 

mass spectrometry. J Agric Food Chem. 2002;50(8):2302-7. 

 Strack D, Vogt T, Schliemann W. Recent advances in betalain research. Phytochemistry. 2003;62(3):247-

69. 

 Strahl BD, Allis CD. The language of covalent histone modifications. Nature. 2000;403(6765):41-5. 

 Sun Y, Nelson PS. Molecular pathways: involving microenvironment damage responses in cancer therapy 

resistance. Clin Cancer Res. 2012;18(15):4019-25. 

 Surani MA, Hajkova P. Epigenetic reprogramming of mouse germ cells toward totipotency. Cold Spring 

Harb Symp Quant Biol. 2010;75:211-8. 

 Surh YJ. Cancer chemoprevention with dietary phytochemicals. Nat Rev Cancer. 2003;3(10):768-80. 

 Suter MA, Aagaard-Tillery KM. Environmental influences on epigenetic profiles. Semin Reprod Med. 

2009;27(5):380-90. 

 Suzuki MM, Bird A. DNA methylation landscapes: provocative insights from epigenomics. Nat Rev Genet. 

2008;9(6):465-76. 

 Szyf M, Pakneshan P, Rabbani SA. DNA methylation and breast cancer. Biochem Pharmacol. 

2004;68(6):1187-97. 

 Szyf M. DNA methylation and demethylation as targets for anticancer therapy. Biochemistry (Mosc). 

2005;70(5):533-49. 

 Tahiliani M, Koh KP, Shen Y, Pastor WA, Bandukwala H, Brudno Y, Agarwal S, Iyer LM, Liu DR, 

Aravind L, Rao A. Conversion of 5-methylcytosine to 5-hydroxymethylcytosine in mammalian DNA by MLL 

partner TET1. Science. 2009;324(5929):930-5. 

 Tanaka Y, Sasaki N, Ohmiya A. Biosynthesis of plant pigments: anthocyanins, betalains and carotenoids. 

Plant J. 2008;54(4):733-49. 

 Tennant DA, Durán RV, Gottlieb E. Targeting metabolic transformation for cancer therapy. Nat Rev 

Cancer. 2010;10(4):267-77. 

 Tesoriere L, Allegra M, Butera D, Gentile C, Livrea MA. Cytoprotective effects of the antioxidant 

phytochemical indicaxanthin in beta-thalassemia red blood cells. Free Radic Res. 2006;40(7):753-61. 

 Tesoriere L, Allegra M, Butera D, Livrea MA. Absorption, excretion, and distribution of dietary antioxidant 

betalains in LDLs: potential health effects of betalains in humans. Am J Clin Nutr. 2004;80(4):941-5. 

 Tesoriere L, Attanzio A, Allegra M, Gentile C, Livrea MA. Indicaxanthin inhibits NADPH oxidase (NOX)-1 

activation and NF-κB-dependent release of inflammatory mediators and prevents the increase of epithelial 

permeability in IL-1β-exposed Caco-2 cells. Br J Nutr. 2013;9:1-9. 



 

 
134 

 Tesoriere L, Attanzio A, Allegra M, Gentile C, Livrea MA. Phytochemical indicaxanthin suppresses 7-

ketocholesterol-induced THP-1 cell apoptosis by preventing cytosolic Ca(2+) increase and oxidative stress. 

Br J Nutr. 2013;110(2):230-40. 

 Tesoriere L, Butera D, Allegra M, Fazzari M, Livrea MA. Distribution of betalain pigments in red blood 

cells after consumption of cactus pear fruits and increased resistance of the cells to ex vivo induced 

oxidative hemolysis in humans. J Agric Food Chem. 2005;53(4):1266-70. 

 Tesoriere L, Butera D, D'Arpa D, Di Gaudio F, Allegra M, Gentile C, Livrea MA. Increased resistance to 

oxidation of betalain-enriched human low density lipoproteins. Free Radic Res. 2003;37(6):689-96. 

 Tesoriere L, Fazzari M, Angileri F, Gentile C, Livrea MA. In vitro digestion of betalainic foods. Stability 

and bioaccessibility of betaxanthins and betacyanins and antioxidative potential of food digesta. J Agric 

Food Chem. 2008;56(22):10487-92. 

 Tilgner H, Nikolaou C, Althammer S, Sammeth M, Beato M, Valcárcel J, Guigó R. Nucleosome positioning 

as a determinant of exon recognition. Nat Struct Mol Biol. 2009;16(9):996-1001. 

 Todaro M, Alea MP, Di Stefano AB, Cammareri P, Vermeulen L, Iovino F, Tripodo C, Russo A, Gulotta G, 

Medema JP, Stassi G. Colon cancer stem cells dictate tumor growth and resist cell death by production of 

interleukin-4. Cell Stem Cell. 2007;1(4):389-402. 

 Turco Liveri ML, Sciascia L, Allegra M, Tesoriere L, Livrea MA. Partition of indicaxanthin in membrane 

biomimetic systems. A kinetic and modeling approach. J Agric Food Chem. 2009;57(22):10959-63. 

 van Steensel B. Chromatin: constructing the big picture. EMBO J. 2011;30(10):1885-95. 

 Vanden Berghe W, Haegeman G. Epigenetic remedies by dietary phytochemicals against inflammatory skin 

disorders: myth or reality? Curr Drug Metab. 2010;11(5):436-50. 

 Visioli F, De La Lastra CA, Andres-Lacueva C, Aviram M, Calhau C, Cassano A, D'Archivio M, Faria A, 

Favé G, Fogliano V, Llorach R, Vitaglione P, Zoratti M, Edeas M. Polyphenols and human health: a 

prospectus. Crit Rev Food Sci Nutr. 2011;51(6):524-46. 

 Vivanco I, Sawyers CL. The phosphatidylinositol 3-Kinase AKT pathway in human cancer. Nat Rev Cancer. 

2002;2(7):489-501. 

 Voorrips LE, Goldbohm RA, van Poppel G, Sturmans F, Hermus RJ, van den Brandt PA. Vegetable and 

fruit consumption and risks of colon and rectal cancer in a prospective cohort study: The Netherlands 

Cohort Study on Diet and Cancer. Am J Epidemiol. 2000;152(11):1081-92. 

 Wang J, Bhutani M, Pathak AK, Lang W, Ren H, Jelinek J, He R, Shen L, Issa JP, Mao L. Delta DNMT3B 

variants regulate DNA methylation in a promoter-specific manner. Cancer Res. 2007;67(22):10647-52. 

 Wang J, Walsh G, Liu DD, Lee JJ, Mao L. Expression of Delta DNMT3B variants and its association with 

promoter methylation of p16 and RASSF1A in primary non-small cell lung cancer. Cancer Res. 

2006;66(17):8361-6. 

 Wang L, Wang J, Sun S, Rodriguez M, Yue P, Jang SJ, Mao L. A novel DNMT3B subfamily, 

DeltaDNMT3B, is the predominant form of DNMT3B in non-small cell lung cancer. Int J Oncol. 

2006;29(1):201-7. 

 Wang LS, Arnold M, Huang YW, Sardo C, Seguin C, Martin E, Huang TH, Riedl K, Schwartz S, Frankel 

W, Pearl D, Xu Y, Winston J 3rd, Yang GY, Stoner G. Modulation of genetic and epigenetic biomarkers of 

colorectal cancer in humans by black raspberries: a phase I pilot study. Clin Cancer Res. 2011;17(3):598-

610. 

 Wang PZ. Chinese Medicine Surgery. Ancient Chinese Medicine Press. 1988;164-83. 

 Wang Z, Chen H. Genistein increases gene expression by demethylation of WNT5a promoter in colon 

cancer cell line SW1116. Anticancer Res. 2010;30(11):4537-45. 

 Weinberg RA. The retinoblastoma protein and cell cycle control. Cell. 1995;81(3):323-30. 

 Weinstein IB. Cancer. Addiction to oncogenes--the Achilles heal of cancer. Science. 2002;297(5578):63-4. 

 Willett WC. Diet and health: what should we eat? Science. 1994;264(5158):532-7. 

 Williamson G, Manach C. Bioavailability and bioefficacy of polyphenols in humans. II. Review of 93 

intervention studies. Am J Clin Nutr. 2005 Jan;81(1 Suppl):243S-255S. 



 

 
135 

 Wu SC, Zhang Y. Active DNA demethylation: many roads lead to Rome. Nat Rev Mol Cell Biol. 

2010;11(9):607-20. 

 Xie S, Wang Z, Okano M, Nogami M, Li Y, He WW, Okumura K, Li E. Cloning, expression and 

chromosome locations of the human DNMT3 gene family. Gene. 1999;236(1):87-95. 

 Xiong Z, Laird PW. COBRA: a sensitive and quantitative DNA methylation assay. Nucleic Acids Res. 

1997;25(12):2532-4. 

 Yang CS, Sang S, Lambert JD, Lee MJ. Bioavailability issues in studying the health effects of plant 

polyphenolic compounds. Mol Nutr Food Res. 2008;52 Suppl 1:S139-51. 

 Yang GY, Liao J, Kim K, Yurkow EJ, Yang CS. Inhibition of growth and induction of apoptosis in human 

cancer cell lines by tea polyphenols. Carcinogenesis. 1998;19(4):611-6. 

 Yang H, Liu Y, Bai F, Zhang JY, Ma SH, Liu J, Xu ZD, Zhu HG, Ling ZQ, Ye D, Guan KL, Xiong Y. 

Tumor development is associated with decrease of TET gene expression and 5-methylcytosine 

hydroxylation. Oncogene. 2013;32(5):663-9. 

 Yen RW, Vertino PM, Nelkin BD, Yu JJ, el-Deiry W, Cumaraswamy A, Lennon GG, Trask BJ, Celano P, 

Baylin SB. Isolation and characterization of the cDNA encoding human DNA methyltransferase. Nucleic 

Acids Res. 1992;20(9):2287-91. 

 Yoo J, Kim JH, Robertson KD, Medina-Franco JL. Molecular modeling of inhibitors of human DNA 

methyltransferase with a crystal structure: discovery of a novel DNMT1 inhibitor. Adv Protein Chem Struct 

Biol. 2012;87:219-47. 

 Zhang X, Bruice TC. The mechanism of M.HhaI DNA C5 cytosine methyltransferase enzyme: a quantum 

mechanics/molecular mechanics approach. Proc Natl Acad Sci U S A. 2006;103(16):6148-53. 

 Zhou H, Hu H, Lai M. Non-coding RNAs and their epigenetic regulatory mechanisms. Biol Cell 2010; 102 

(645-655). 

 Zou DM, Brewer M, Garcia F, Feugang JM, Wang J, Zang R, Liu H, Zou C. Cactus pear: a natural product 

in cancer chemoprevention. Nutr J. 2005;4:25. 

 


